An investigation into stability of palladium-based catalysts for oxygen reduction by Adegbola, Olukemi
i 
 
An Investigation into Stability of Palladium-Based Catalysts 
for Oxygen Reduction 
 
A Thesis Submitted by 
Olukemi Adegbola 
For the Degree of Doctor of Philosophy 
Supervisor: Professor Keith Scott 
 
 
 
School of Chemical Engineering and Advanced Materials  
Newcastle University 
May 2018 
  
 
i 
 
Abstract 
Although platinum-based catalysts are regarded as the most active and stable catalysts for 
oxygen reduction reaction (ORR) in the polymer electrolyte membrane fuel cell (PEMFC), 
platinum’s prohibitive cost and scarcity limits its widespread use for commercial applications. 
Therefore, the cheaper and more available palladium has been extensively researched as an 
alternative to platinum.  Although palladium has also been reported to have a lower stability 
than platinum under acidic fuel cell conditions, most of the research on palladium-based 
catalysts have focussed on improving its ORR activity rather than its stability. 
In this research, the ORR activity and stability of palladium-based catalysts were studied with 
a view of enhancing both. Palladium-based catalysts were synthesised by modifying palladium 
with gold and iridium well as metal oxides such as TiO2 and WO3 known to be stable in acid. 
The catalysts investigated were PdAu/C, Pd3Au/C, PdIr/C, PdIrAu/C, PdIr/TiO2-C and 
PdIr/WO3-C. The catalysts were evaluated for ORR by voltammetry in a three-electrode cell 
and were characterised with techniques such as XRD, TEM and XPS to relate their physical 
properties to their electrochemical behaviour; before and after durability studies. 
The catalysts were synthesised using a polyol method with ethylene glycol as a mild reducing 
agent that yielded small nanoparticles around 5 nm. The electrochemical surface areas obtained 
were 15.5, 6.2 and 2.5 m2g-1 for the Pd/C, Pd3Au/C and PdAu/C catalysts respectively. The 
stability tests indicated that gold-modified PdAu/C and Pd3Au/C had higher stability than 
unmodified Pd/C catalyst as they retained 38 %, 31% and 11 % of their initial 
chronoamperometric currents respectively over a two-hour period. 
In comparison to Pd/C, PdIr/C exhibited at least a two-fold increase in stability; measured by 
the percentage of initial electrochemical surface area (ECSA) retained by the catalysts after 
potential cycling. Ex-situ XPS and TEM analyses after the potential cycling revealed that the 
alloying interaction between palladium and iridium reduced palladium’s surface oxidation and 
particle agglomeration and hence improved PdIr/C’s stability. The use of TiO2-modified 
support on palladium-iridium nanoparticles resulted in an enhancement of activity and stability, 
with PdIr/TiO2-C having a specific activity of 0.52 mAcm
-2 and a 61 % ECSA retention; a two- 
and a three -fold increase compared to PdIr/C’s 0.23 mAcm-2 and 20 %.  
In summary, this study found the modification of palladium nanoparticles with gold and iridium 
could enhance its ORR stability in acid environment and that a further stability enhancement 
could be obtained by modifying the carbon support with acid-stable oxides such as TiO2 and 
WO3.    
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Chapter 1. Introduction 
1.1 Background 
Fuel cells are electrochemical devices for the direct conversion of chemical to electrical energy 
from the chemical reaction of a fuel with oxygen or other oxidizing agents. Fuel cells were first 
demonstrated in 1839 by Sir William Grove using oxygen, hydrogen with an acid electrolyte 
and platinum electrodes [1]. Although they have been around for a long time, the current need 
for more environmentally-friendly energy production has generated intense research interest in 
fuel cells. 
A fuel cell generally consists of an anode and a cathode separated by an electrolyte. The fuel 
(typically hydrogen but can be hydrocarbons in some fuel cells) is oxidised at the anode while 
oxygen is reduced at the cathode. The electrons generated from the anode then flow through an 
external circuit to the cathode [2]. The main types of fuel cells along with their operational 
characteristics such as the operating temperature, fuel and electrolyte used are listed below in 
Table 1.  
Table 1: Types of fuel cells and some of their properties.  
Fuel Cell Type Fuel Electrolyte Operating Temperature (℃) 
Alkaline Fuel Cell Hydrogen Potassium Hydroxide 40-90 
Direct Methanol Fuel 
Cell 
Methanol Polymer 60-130 
Molten Carbonate 
Fuel Cell 
Hydrocarbons Molten Carbonate 
such as Lithium or 
Potassium carbonate 
650 
Phosphoric Acid 
Fuel Cell 
Hydrogen Phosphoric Acid 150-200 
Polymer Electrolyte 
Membrane Fuel Cell 
Hydrogen Polymer 40-90 
Solid Oxide Fuel 
Cell 
Hydrocarbons Solid Oxides such as 
zirconia 
800-1000 
2 
 
In comparison with other fuel cells, polymer electrolyte membrane fuel cells (PEMFC) are 
especially useful in transport and portable power generation as they possess no major moving 
parts and can operate at relatively low temperatures (less than 100 ℃). Although the large scale 
commercial use of PEMFCs is highly desirable, the technology is still limited by cost and 
durability[3].  
A PEMFC unit consists of anode, cathode and an electrolyte. The fuel, hydrogen is externally 
supplied to the anode, while air or oxygen is supplied to the cathode. The anode and cathode 
are separated by a solid polymer electrolyte which allows the transport of ions across it. The 
electrolyte is a proton-conducting polymer electrolyte membrane, usually a perfluoro-sulfonic 
acid polymer such as Nafion® [4]. At the anode, hydrogen is oxidised to generate electrons and 
protons. Protons migrate through the electrolyte to the cathode while electrons flow from the 
anode to the cathode through an external circuit to generate current. At the cathode, protons, 
electrons and oxygen combine to form water[5, 6]. 
Reactions occurring in a PEMFC are shown below: 
Anode reaction, hydrogen oxidation reaction (HOR): 
H2 → 2H
+ + 2e−                                                                                                                        (1.1)  
Cathode reaction, oxygen reduction reaction (ORR): 
1
2
O
2
+ 2H+ + 2e− → H2O                                                                                                        (1.2)            
The overall reaction is hydrogen reacting with oxygen to produce water and electricity: 
H2 +
1
2
O
2
→ H2O + Electricity                                                                                                (1.3) 
1.2 Oxygen Reduction Reaction (ORR) 
The direct reduction of oxygen to water is one of the most extensively studied reactions because 
of its immense importance in many processes including biological systems, electrochemical 
processes and energy generation [7, 8]. Oxygen reduction reaction is one of the key reactions 
in PEMFCs. Its slow kinetics results in the use of the expensive platinum-based catalysts for 
PEMFC operation [9].   
Oxygen reduction reaction (ORR) involves the adsorption of oxygen onto the catalyst surface 
and the rate of breaking the O=O bond depends on the degree of oxygen’s interaction with 
adsorption sites on catalyst surface as well as the rate of electron transfer[10]. The kinetics and 
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mechanism of the reaction are dependent on electrode properties as well as the presence of other 
adsorbed species[11]. Despite the extensive research on ORR, the detailed mechanism is still 
uncertain. Since the reaction involves the overall transfer of 4 electrons, 4 protons as well as 
the O=O bond cleavage, there are many possible elementary steps and mechanistic routes 
leading to the formation of different intermediates depending on the nature of electrode, 
electrolyte and catalyst used [12].  
ORR is believed to proceed via two overall pathways; a direct 4-electron pathway and a 
peroxide 2-electron pathway. The direct 4-electron pathway involves several steps leading to 
formation of hydroxide ions in an alkaline environment or water in acidic environment [9]. The 
2-electron pathway involves the formation of peroxide species which later decompose or 
undergo further reduction to give water. The main difference between the two reaction 
pathways is that peroxide species are formed in solution for the 2-electron pathway and this is 
not case for the direct 4-electron pathway[10]. 
The possible pathways for ORR in an acidic medium are shown below [13]. 
Direct 4-electron pathway: 
O2 + 4H
+ + 4e− → 2H2O                                  E
0= 1.23 V                                                   (1.4) 
The peroxide pathway:                          
O2 + 2H
+ + 2e− → H2O2                                    E
0= 0.67 V                                                (1.5) 
followed either by a further reduction, 
H2O2 + 2H
+ + 2e− → 2H2O                                E
0= 1.76V                                                (1.6) 
or a decomposition reaction,    
H2O2 → 2H2O + O2                                                                                                              (1.7) 
In comparison, the 2-electron reduction pathway (equation 1.5) has a lower efficiency and also 
leads to the generation of hydrogen peroxide that can corrode the membrane of the PEMFC[14] 
;therefore the 4-electron pathway (equation 1.4) is highly preferred for fuel cell applications. 
However, the actual reaction pathway followed is dependent on the catalyst used.  Reactions 
using platinum and palladium catalysts are believed to mostly proceed by the direct 4-electron 
mechanism [15] while ORR with gold and mercury catalysts go via the peroxide forming 
pathway [16, 17].  
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During the reaction, interactions of oxygen with the transition metal catalyst surface occur 
through their molecular orbitals [18].  For platinum, its d orbitals interact with the π orbitals of 
oxygen involving the donation of electron density from oxygen’s lone pairs in the π orbitals to 
an empty d metal orbital.  This is followed by a back-donation of electron density from at least 
a partially filled d metal orbital to empty anti-bonding π* orbitals of the oxygen. This platinum- 
oxygen interaction and the presence of electron density in oxygen’s anti-bonding orbitals results 
in the lengthening and weakening of the O=O bond. Dissociative adsorption of oxygen can 
occur if the metal-oxygen interaction has an optimal binding energy [17, 19].  
According to Norskov et al., the ideal ORR catalyst should be able to bind oxygen with an 
intermediate strength: not too weakly so oxygen can bind to the catalyst, and not too strongly 
so products can desorb [20]. This brought about the idea of a volcano-type of relationship 
between a catalyst’s ORR activity and the strength of its bond with oxygen. The group presented 
a volcano plot (Figure 1) for transition metals based on the metals’ ORR activities and their 
oxygen adsorption energies. Their results showed that platinum, followed by palladium were 
the metals with the highest activity for ORR since they appear closest to the top of the volcano. 
 
                             
Figure 1: Volcano plot showing trends in ORR activity as a function of oxygen binding energy 
[20].  
1.3 Alternatives to Platinum Catalysts for ORR 
Electrochemical reactions in PEMFCs are usually catalysed with expensive platinum-based 
catalyst as it has been established from the volcano plot and found that platinum has the highest 
ORR activity [20]. Therefore, the use of platinum in fuel cells must be significantly reduced or 
eliminated if the technology is to be widely available commercially. The alloying platinum with 
other metals has been explored as a means of reducing the amount of platinum used in ORR 
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catalysis [21]. The alloying of platinum with first row transition metals especially cobalt [22-
25], nickel [26-28] and iron [29-31] have been reported by several research groups to reduce 
the overall amount of platinum present in catalysts as well as increase platinum’s catalytic 
activity. Although platinum’s alloys with several metals have been investigated for ORR, 
platinum-cobalt alloys are the commonly investigated type in literature due to their reported 
high ORR activity [32].  
Although decreasing the amount of platinum has led to a reduction of catalyst cost, there has 
also been extensive research over the past several decades on developing non-platinum ORR 
catalysts [33-36]. These alternatives include other noble metals and their alloys [37-40], carbon-
based materials [41-43], transition metal compounds such as macrocyclic compounds [44-46], 
chalcogenides [47, 48] and nitrides [49-51].  
1.4 Palladium and its Alloys in ORR  
Palladium is an important noble metal in use in many industries in the areas of dental 
appliances, electrical appliances, jewellery and chemical catalysis especially the automotive 
emission catalysts [52, 53]. Palladium catalysts have also been used in organic fuel oxidation 
[54].  These have received a lot of attention because palladium has similar properties to 
platinum; same face-centred cubic crystal structure and similar atomic size. palladium-
catalysed ORR has been reported to proceed via a direct 4-electron pathway mechanism similar 
to platinum [55]. Although palladium has been reported to have a lower ORR than platinum 
[33], it’s about 50 % cheaper than platinum. Therefore, the use of palladium-based catalysts has 
been investigated as alternatives to platinum for ORR.   
Catalytic activity of palladium and its alloys in ORR has been reported as early as in 1960s by 
Chaston et al. [56] with preparation of Pd/C by reducing palladium salts on activated charcoal.  
An impregnation method followed by reduction with hydrogen at 300 °C was used by Moreira 
et al. [57] to prepare carbon-supported palladium on activated carbon and Vulcan. Both 
catalysts were tested for ORR in a PEMFC operating at room temperature and a three-fold 
increase of current density was observed when catalyst support was changed from activated 
charcoal to Vulcan.  
More recently, palladium-cobalt alloy catalysts for ORR were prepared by Savadogo et al. [58] 
in 2004 by sputtering. CV tests indicated that an alloy of 72 % palladium and 28 % cobalt was 
stable under acidic conditions as there was no major change in particle shape or size during 
testing. Stability of the alloys was attributed to an electronic stabilisation effect of cobalt on 
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palladium.  The authors reported a current density of 0.58 mA cm-2 at 0.80 V for the Pd-Co 
alloy; more than double the value of 0.25 mA cm-2 reported for bulk platinum [58].  
Fernandez et al. [59]  studied the ORR activity of palladium with a combination of cobalt, gold 
and titanium. The catalysts were prepared by an impregnation method followed by reduction 
with hydrogen at 350 °C. Pd-Co (with 20 % cobalt) on carbon showed the highest activity 
comparable to platinum but its performance reduced after the cell was polarised at 200 mV for 
12 hours. Its stability was later found to improve with the addition of gold. Pd-Ti and Pd-Co-
Au supported on carbon were also reported to have activity similar or close to platinum for 
ORR. The group reported current densities at 0.5 V of 0.15, 0.16 and 0.1 Acm-2 for commercial 
Pt/C, Pd-Co-Au/C and Pd-Ti/C respectively at a cathode metal loading of 0.2 mgcm-2. Although 
the Pd-Co-Au/C catalyst had higher ORR activity, the Pd-Ti/C catalyst had a better stability.  
Raghuveer et al. [60] performed a comparative study of  Pd-Co-Au catalysts prepared by two 
different methods; a reverse micro-emulsion method followed by reductive heat treatment, and 
an impregnation method followed by NaBH4 reduction.
 Catalyst prepared with NaBH4 had to 
be treated at 900 °C before forming a single phase and had an average particle size of 46 nm 
while the catalyst prepared by reverse microemulsion formed a single phase after heat treatment 
at 500 °C and had an average particle size of 35 nm. Higher activity was found for catalysts 
prepared by the reverse microemulsion method (current density of 0.05 A cm-2 at 0.5 V) than 
those prepared with NaBH4 (current density of 0.03 Acm
-2 at 0.5 V). This was attributed to a 
higher degree of alloying in the microemulsion samples at lower temperatures which ensured 
the particle sizes stayed small and the surface area high. Open-circuit voltage (OCV) of the 
reverse microemulsion sample was reported as 0.89 V which was comparable to value obtained 
for a commercial 20 % Pt/C sample at 60 °C. 
In a comparative study of commercial platinum catalyst and carbon supported Pd-Co alloy for 
ORR, Mustain et al. [61] prepared alloys of the type of Pd-Co on carbon by reducing precursor 
metal salts with sodium bicarbonate followed by heat treatment in a mixture of H2 and Ar. 
Catalysts were evaluated in a single 5 cm2 PEMFC between 30 and 60 °C. They found an alloy 
of Pd3Co/C to have a performance comparable to ETEK commercial 20% Pt/C. They reported 
current densities of 0.5 Acm-2 at 0.5V for the Pd3Co/C and Pt/C. Although long term stability 
data of catalysts were not provided.  
Zhang et al. [62] also studied carbon supported Pd-Co (35% Co) for ORR; studying the effect 
of reducing agent (using ethylene glycol, sodium borohydride and formaldehyde) and H2 
treatment (from 300- 700 °C) temperature on catalyst morphology and activity. They found 300 
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°C was the best temperature for heat treatment for all three catalysts. They found that catalysts 
synthesised from all three reducing agents catalysed ORR via a four-electron reduction 
mechanism. They reported average Tafel slope as 70 mVdecade-1 and suggested that the rate 
determining step was a one electron transfer process. Ethylene glycol was found to produce the 
smallest catalyst particle size (about 5 nm) after heat treatment and the catalyst prepared in it 
also had the highest electrochemical surface area and activity. However, measurements of 
ECSA were qualitative and the authors suggested that a quantitative estimation may not be 
feasible as the catalysts were not made of a pure metal. Better performance of the EG-
synthesised Pd-Co/C was attributed to smaller particle size and lower degree of aggregation. Its 
current density was reported as 1.87 mAcm-2 at 0.7 V which was lower than that of a Pt/C 
catalyst recorded as 2.09 mA cm-2 at 0.7 V. Also, its OCV was 80 mV lower than platinum. 
Shao et al. [63] investigated oxygen-reduction reaction (ORR) of palladium monolayers on 
various surfaces and on palladium alloys. Their activities were correlated with their d-band 
centres calculated by density functional theory (DFT). They found a volcano-type dependence 
of activity on the energy of the d-band centre of palladium monolayers, with Pd-Pt (111) at the 
top of the curve. They reported activity of Pd2Co/C to be comparable to that of commercial 
Pt/C catalyst. The kinetics of ORR on Pd2Co/C predominantly involved a four-electron step 
reduction with the first electron transfer being the rate-determining step. The activity was 
attributed to the downshift of the d-band centre of the palladium skin on alloy surface due to 
the strong surface segregation of palladium at high temperatures. 
Highly active nanoparticles of Vulcan supported Pd-Fe alloy for ORR were reported by Shao 
et al. in 2006 [64]. Half-cell tests were performed in acidic medium; the current density for 
Pd3Fe/C (5.0 mAcm
-2) showed its ORR activity was slightly higher than that of the commercial 
Pt/C catalyst (4.5 mA cm-2) under same test conditions. It was prepared by reducing FeCl3 on 
commercial Pd/C at 500 °C in H2 atmosphere. The activity of the palladium-iron alloys was 
found to be related to the Pd-Pd bond distance: the shorter this bond distance, the higher the 
activity of the prepared catalyst.    
In a similar work, Tarasevich et al. [65] also synthesised various palladium-iron alloys by 
pyrolysis at high temperatures. Pd3Fe/C of 7-8 nm produced at 750 °C was found to be the most 
active alloy. Catalysts were evaluated for ORR activity in acidic media, current density was 
reported as 2.35 mA cm-2 at 0.7 V. This high activity was attributed to the stabilisation of 
palladium nanoparticles, despite the high temperature of pyrolysis during the catalyst synthesis 
as high temperature processing is usually associated with increase in particle size due to 
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agglomeration. The authors also suggested that high activity was possible because the iron’s 
presence in the alloy hindered the formation of palladium oxide. However, the authors did not 
report stability tests of this alloy; a further publication was to be made.  
Two research groups studied the ORR activity of palladium-copper catalysts prepared by two 
different methods. Wang et al. [66]  prepared their catalysts by a co-impregnation method 
followed by hydrogen reduction while Fouda-Onana et al. [67] prepared theirs by sputtering on 
glassy carbon. However, both catalysts prepared had activities about four times lower than the 
commercial Pt/C. Later on Xu et al. [68]  presented a different finding. They prepared a highly 
ORR active novel Pd-Cu nanocomposite through a galvanic replacement reaction. Electron 
microscopy showed its structure as being nanotubular mesoporous structure with a nanoporous 
shell, comprised of interconnected alloy nanoparticles with size about 3 nm. The catalyst was 
tested in a half-cell with 0.1 M HClO4 solution for ORR. They reported an exchange current 
density about one and half times that of Pt/C. The high activity was attributed to the unique 
trimodal hollow bimetallic structure. However, the authors did not report stability tests. These 
opposing findings regarding the activity of palladium-copper alloys highlight the importance 
of catalyst morphology as the nanoparticles had low ORR activity while the tubular structure 
had a higher activity.   
Walsh et al. [69] used scanning electrochemical microscopy for rapid screening activity of 
bimetallic catalyst for ORR in acidic media. The combination of metals used was based on a 
thermodynamic selection guide they previously reported [70]. The guide assumes the first metal 
breaks the O=O bond of O2 while the other reduces the adsorbed oxygen atoms. This combined 
a metal that easily breaks O=O bond (highly negative Gibbs free energy for metal oxide 
formation) with another whose oxide easily reduces to water (positive potential for metal oxide 
reduction). They measured activities for bimetallic combinations that showed a synergetic 
electrocatalyst effect, this included Au-V, Ag-V, Pd-Mn and Pd-V. A 60:40 Pd-V/C alloy was 
found to be the most active. 
Further investigation into the effect of heat treatment on Pd-V/C’s catalytic activity and stability 
was reported in 2010 [71]. Various ratios of Pd-V were synthesised by reduction of metal 
chloride salts with NaBH4 on Vulcan. These catalysts were then heat treated at a range of 
temperatures in 10 % hydrogen in argon. XRD and TEM were used for characterising the effect 
of heat treatment on particle morphology. It was found that high temperatures increased average 
particle size. Current measured for the most active catalyst prepared, 60:40 Pd-V was 0.31 mA 
cm-2 at 0.7 V and much lower than that of a 20% Pt/C catalyst. A loss of ECSA upon cycling 
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was revealed by an accelerated stability test, the extent of this loss was found to be dependent 
on the composition of catalyst. Electrocatalyst testing after stability tests showed a loss of 
activity and microscopic analysis showed major changes in particle dimensions and dispersion 
on the carbon support.  
From the literature (details of significant publications are shown below in Table 2), it seems 
that enhancement can be obtained in the ORR activity of palladium by alloying with the first-
row transition metals especially iron, nickel and cobalt to achieve high activities that might be 
better than platinum’s depending on the synthetic method and catalyst morphology. The method 
of synthesis has an effect on the activities of synthesised nanoparticles and ethylene glycol was 
suggested as the best reducing agent. Heat treatment can also improve catalytic activity and 
small alloy nanoparticles can be obtained at temperatures as high as 750 °C. The improvement 
in palladium’s ORR activities have been mostly attributed to the presence of other metals and 
their ability to modify palladium’s electronic properties. The palladium-based catalysts reported 
were found to be stable under test conditions, although the authors did not discuss the long-
term stability of their prepared catalysts. The addition of titanium and gold were found to 
improve the stability of palladium catalysts.  
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Catalyst  Current Density Operating Conditions Reference 
Pd-Co-Au/C 0.16 Acm-2 (single cell) 0.5 V, 60 ºC, H2/O2 
0.2 mg cm-2 cathode 
[59] 
Pd-Ti/C 0.10 Acm-2 (single cell) 0.5 V, 60 ºC, H2/O2 
0.2 mg cm-2 cathode 
[59] 
Pt/C 0.15 Acm-2 (single cell) 0.5 V, 60 ºC, H2/O2 
0.2 mg cm-2 cathode 
[59] 
Pd3Co/C  0.15 Acm
-2 (single cell)  0.5 V, 60 ºC, H2/O2 
0.2 mg cm-2 cathode 
[61] 
Pt/C  0.15 Acm-2 (single cell)  0.5 V, 60 ºC, H2/O2 
0.2 mg cm-2 cathode 
[61] 
Pd3Fe/C  5.0 mAcm
-2 (cathode)  0.8V, room temperature 
10 μg cm-2 of metal 
[64] 
Pt/C  4.5 mAcm-2 (cathode)  0.8V, room temperature 
10 μg cm-2 of metal 
[64] 
Pd-Co/C 0.58 mAcm-2 (half-cell) 0.8V,sputtered electrode [58] 
Pt/C  0.25 mAcm-2 (half-cell) 0.8V, bulk electrode [58] 
Pd-Co/C 1.87 mAcm-2 (half-cell) 0.7V, 14.6 μg cm-2 of 
metal 
[62] 
Pt/C 2.09 mAcm-2 (half-cell) 0.7V, 14.6 μg cm-2 of 
metal 
[62] 
Pd3Fe/C 2.35 mAcm
-2 (half-cell) 0.7V, 12μg cm-2 of metal [65] 
 
1.5 Pourbaix Diagram for Palladium 
Pourbaix diagrams are a pictorial representation of stability of metals over a range of potentials 
and pH. They are particularly useful in electrochemistry for studying the corrosion and 
Table 2: Significant publications on palladium-based catalysts for ORR for PEMFCs. 
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dissolution of metals as well as understanding redox properties and evaluating the existing state 
of a specie [72]. They are commonly used to provide information on regions of metallic 
stability, passivation and instability of an aqueous electrochemical system over a range of 
potentials and pH. In comparison to base metals, noble metals such as platinum and palladium 
exhibit high resistance to oxidation due to their high thermodynamic stability. Noble metals are 
able to adsorb oxygen or form reversible oxides on their surface in oxidising aqueous 
environment or under anodic potentials [73].  
 Palladium’s Pourbaix diagram reveals a region (ca. 0.9 to 1.2 V) where palladium is subject to 
corrosion at low pH values. Palladium is often corroded and displays low stability during 
oxygen reduction studies as it is exposed to low pH and high anodic potentials [74]. Therefore, 
palladium is more prone to electrodissolution and oxidation than other noble metals like 
platinum [75]. Platinum usually displays a higher stability and corrosion resistance because its 
corrosion region in the Pourbaix diagram occurs at higher potentials (ca. 1.2 to 1.4 V).   
                                                   
Figure 2: Pourbaix diagram for palladium at 25 °C [76]. 
In a typical PEMFC, the gradual loss of activity due to degradation of the platinum catalyst 
during operation is one of the main issues affecting PEMFCs [77]. Evidently, the use of a 
palladium catalyst would result in a more significant performance loss since palladium has a 
lower voltage cycling stability compared to platinum and would therefore be unsuitable for use 
as an ORR catalyst in PEMFCs.  
The alloying of palladium with certain elements has been reported to be beneficial towards 
increasing palladium’s ORR stability in acidic media [59, 63]. In this study, Pourbaix diagrams 
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were used to identify metals; gold [78] and iridium [79] that are acid-stable in the ORR potential 
regions. Gold and iridium were alloyed with palladium in an attempt to improve palladium’s 
ORR stability and the resulting catalysts were studied for the oxygen reduction reaction. 
 The synthesised catalysts were supported on Vulcan; a carbon support subject to oxidation. 
Although Vulcan has been reported to be prone to corrosion under acidic fuel cell conditions at 
high potentials between 0.6 and 1.2 V [80], it has been suggested that the carbon support 
corrosion could be reduced by modifying the carbon surface with suitable metal oxides [81]. 
Therefore, Pourbaix diagrams were used to identify TiO2 [82] and WO3 [83]as acid-stable metal 
oxides; these were used to modify the Vulcan-support to form hybrid supports and the effect of 
these supports on the ORR of palladium-iridium catalysts was studied. 
 Also in this study, Palladium’s Pourbaix diagram helped to identify that palladium was 
particularly more vulnerable to corrosion via palladium oxidation at potentials close to 0.96 V 
[73, 76], therefore the lower potentials from 0.87 to 0.4 V were used during stability tests so as 
to investigate another mechanism of catalyst degradation; particle size increase. 
1.6 Catalyst Support for ORR  
Carbon blacks (CB) are conventionally used as support materials because of their conductivity, 
high surface area, good chemical and electrochemical stability [84]. However, carbon blacks 
are made of carbon nanoparticles aggregated onto much larger particles. Diffusion of reactants 
and products can be impeded on the CB as they can only circulate between the carbon 
agglomerates or within carbon micropores causing major mass transfer limitations leading to 
low catalyst utilisation [85]. Also, carbon blacks undergo electrochemical oxidation into surface 
oxides and CO2 at potentials near OCV (0.9-1.0 V) of a fuel cell with the oxidation rate 
increasing with potential [86].  Li et al. [87] reported that the presence of platinum nanoparticles 
on the carbon accelerated its corrosion rate. During this corrosion, catalyst particles became 
detached from the support. This led to particles aggregating to form larger particles hence 
reducing the catalysts surface area and performance. Also, carbon losses can reduce electronic 
continuity in the catalyst layer so the isolated catalyst particles can no longer participate in 
electrochemical reactions [88]. 
Therefore, the choice of catalyst support is crucial to performance in fuel cell operation as it 
determines the mass transfer and Ohmic resistance of the catalyst layer. The support can also 
influence catalyst’s activity through an electronic or a geometric effect[89]. The support’s 
electronic effect can modify the active sites on catalyst surface and hence its reactivity[90]. 
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Also, the shape of the catalyst particles can be modified by the support [85]. Therefore, there 
has been research interest in the development of new catalyst supports.  
To avoid the instability of carbon black supports, a range of materials have been investigated 
for use as support[91]. These can be broadly classified as carbon based and non-carbon-based 
supports. Nanostructured carbon-based materials have attracted research interest as support 
materials because of their good electrical and mechanical properties as well as pore textures, 
sizes and shapes. These materials include carbon nanotubes (CNTs) [92], nanofibres (CNFs) 
[88], carbon gels [93] and mesoporous carbon [94]. These materials are also relatively stable in 
acidic and alkaline media. Although, these nanostructured carbons do not prevent carbon 
corrosion, they have a lower oxidation rate due to their highly graphitic character[88]. Their 
porous structure can improve reactant and product diffusion while their crystalline structure can 
modify the supported metal’s electronic properties to increase catalytic activity.  
Non-carbon based supports have also been investigated so as to overcome the problem of 
carbon corrosion which is an issue for all carbon-based supports[95]. Materials such as metal 
oxides[96], tungsten carbide [97] and sulfated zirconia [98]  have been investigated as 
alternatives to carbon based supports. Improvements have been reported in stability but their 
low conductivities limit their use in electrocatalysis. 
 1.7 Aim and Objectives of the Project 
The primary aim of this project was to develop active and acid-stable palladium-based catalysts 
for oxygen reduction as suitable alternatives to platinum. The research objectives of the project 
were:  
• to synthesise palladium-based catalysts by modifying palladium with acid-stable metals 
such as gold and iridium 
• to characterise their physical and electrochemical properties  
• to evaluate the effect of palladium-modification on ORR activity 
• to study the stability of these catalysts when subjected to electrochemical degradation 
under potential cycling and potential holding conditions 
• to evaluate the electrochemical effect of modifying the carbon-support with acid-stable 
metal oxides such as titanium and tungsten oxides 
• to characterise the synthesised materials using spectroscopic as well as microscopic 
analytical methods.  
These microscopic and spectroscopic analyses were to be used to determine surface species and 
the nature of the prepared catalysts to provide an insight into explaining their observed ORR 
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activities and stabilities. This work was aimed to be a systematic study of modifications to 
palladium’s ORR stability by gold, iridium, titanium oxide and tungsten oxide. 
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Chapter 2. Experimental Methodology 
This chapter introduces the general materials, as well as the characterisation techniques and 
analyses used in this work. The details of the experimental procedure for catalyst syntheses and 
voltammetry are described in the relevant results chapters. 
2.1 Materials and Chemicals 
(NH4)2PdCl4 (Alfa Aesar, 97%), Ethylene glycol (Alfa Aesar, 99%), NaOH (Sigma Aldrich, 
98%), IrCl3.3H2O (Alfa Aesar, 97%), HAuCl4.3H2O (Sigma Aldrich, 98%), NaH2C6H5O7 
(Sigma Aldrich, 99%), Na3C6H5O7 (Sigma Aldrich, 98%), H3[P(W3O10)4].H2O (Sigma Aldrich, 
reagent grade), Ti(OCH2CH2CH2CH3)4 (Sigma Aldrich, 97 %) H2O2 (Sigma Aldrich, 30 %) 
Vulcan XC72R (Cabot), Water (Milli-Q system filtered). All reagents were used as received. 
The quantities of the precursors used in preparing the catalysts are shown below in Tables 3, 4 
and 5.  
Table 3: Quantities of reagents used for preparing palladium-gold catalysts.   
Catalyst PdAu/C Pd3Au/C Pd/C 
(NH4)2PdCl4 69.57 mg 104.45 mg 136.29 mg 
HAuCl4.3H2O 2250.5 µL 1275.5µL - 
Na3C6H5O7 470.6 mg 617.8 mg  679.8 mg 
 
Table 4: Quantities of reagents used for preparing palladium-iridium catalysts. 
Catalyst PdIr/C PdIrAu/C PdIr/TiO2-C PdIr/WO3-C 
(NH4)2PdCl4 69.57 mg 62.62mg 69.57 mg 69.57 mg 
IrCl3.3H2O 47.28 mg 42.55 mg 47.28 mg 47.28 mg 
NaH2C6H5O7 315.82 mg 310.22 mg 315.82 mg 315.82 mg 
HAuCl4.3H2O  516 µL   
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Table 5: Quantities of reagents used for preparing tungsten oxide-carbon and titanium oxide-
carbon composites. 
Support WO3-C TiO2-C 
Phosphotungstic acid 224.46 mg - 
Ti-tbutoxide - 439.53 mg 
Vulcan 750 mg 750 mg 
 
2.2 Physical Characterisation Techniques 
2.2.1 X-ray Diffraction (XRD) 
X-ray diffraction is an analytical technique for the determination of a material’s crystal lattice; 
providing phase identification as well as unit cell dimensions for a bulk material[99]. X-rays 
produce a diffraction pattern when they hit a regular array of atoms as the x-ray’s wavelength 
is in a similar order of magnitude as the spacing between the atom’s crystal planes. This 
diffraction pattern observed is based on Bragg’s law[100].  
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃                                                                                                             (2.1) 
where 𝜆 is the wavelength of the monochromatic x-rays, d is the distance between n layers of 
atoms in a crystal and θ is the Bragg angle. The Bragg angles are measured for a series crystal 
lattice planes[101]. A detector counts the x-rays diffracted from a sample over a range of Bragg 
angles. A material is then identified based on the intensities of x-rays diffracted at particular 
Bragg angles[100].  
In this study, XRD was used to determine the formation of an alloy. This was done by 
comparing the Bragg angles of the bimetallic and ternary catalysts with those obtained from 
pure palladium and data from the international centre for diffraction data (ICDD) database. A 
shift in Bragg angles indicated alloy formation while two individual set of Bragg angles 
obtained for a bimetallic catalyst meant no alloy formation[102]. 
Crystallite sizes were estimated from the full width at half maxima of Pd (220) peaks around 
68°. This peak was selected it was considered not to be influenced by the carbon support[103]. 
A broad carbon peak at 25° was seen for all catalysts[62]. Crystallite sizes were estimated using 
the Scherrer equation[104].  
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D = kλ/FWHM cosθ                                                                                                                 (2.2) 
where D is crystallite size in Å, k is a constant 0.89 for spherical particles, λ is 1.5418 Å, FWHM 
is full width at half maximum measured for the (220) peak at Bragg angle θ.  
XRD patterns were obtained for the catalysts by irradiating the samples with Cu-Kα x-ray with 
a characteristic wavelength of 1.5418 Å at Newcastle University using a PANalytical X'Pert 
Pro MPD with a fitted X’celerator. Diffraction data were collected from 0 to 100° Bragg angles. 
Phase identification and the full-width at half maxima measurements were carried out using 
PANalytical high score plus software alongside the ICDD database and X’pert data viewer for 
all samples.  
2.2.2 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy is an analytical technique used to observe nanometric 
material. It works like a microscope but uses high electron beam with much smaller 
wavelengths to provide a significantly higher resolution than light microscopes. An image is 
obtained when the electrons pass through the sample. Since metal particles and carbon particles 
absorb electrons differently, they present a contrasting image with the metals appearing much 
darker than the carbon[105].  
 High resolution transmission electron microscopy can be used to measure even smaller ranges, 
such as the interplanar lattice spacing, d on individual particles. This information can be used 
to identify the particular particles as d-spacing is characteristic for a material[106].  
In this study, TEM images were used to estimate the particle sizes of synthesised particles, it 
also provided information on catalyst morphology and agglomeration of particles. This 
information is useful since electrochemical surface area and catalyst activity is usually linked 
to particle sizes[107]. The particle size distribution for the catalysts were obtained by measuring 
the diameter of over 100 random particles supported on carbon and an average was reported. 
The diameters were measured using the Image-J software. 
 The TEM as well as EDX analyses were done at Leeds University electron microscopy and 
spectroscopy centre. The instrument used was FEI Tecnai TF20 FEGTEM field emission gun 
TEM/STEM fitted with HAADF detector, Oxford Instruments INCA 350 EDX system/80 mm 
X-Max SDD detector and Gatan Orius SC600A CCD camera.  
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2.2.3 Energy Dispersive X-ray Spectroscopy (EDX) 
Energy dispersive x-ray spectroscopy is an analytical technique that can determine the 
elemental composition of a sample when irradiated with an electron beam. This excitation 
causes characteristic x-ray emissions in the sample. A detector measures and quantifies the 
emitted x-rays; leading to elemental composition information[108].  
In this study, EDX was used to determine the elemental compositions of the prepared catalysts; 
giving metal to carbon ratios. EDX analysis were done alongside TEM analysis at Leeds 
University as the TEM machine had the x-ray detector fitted. 
2.2.4 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is an analytical technique used in studying the surface 
composition of materials. When the x-rays interact with the atoms on the surface of material 
being studied, electrons are emitted from the top layers (1- 10 nm). These electrons are ejected 
with characteristic kinetic energies that is related to the energy level where the electron was 
ejected from as well as the energy of the incident photon[109]. The recorded spectrum is made 
up from the number of ejected electrons over a range of energies. These energies and their 
intensities is then used for identification and quantification of the surface elements. Chemical 
shifts are observed in the spectra of an element as a result of different bonding environments, 
providing information on the oxidation states [110].  
In this study, XPS was used to study the electronic structures and compositions of the catalysts 
as-prepared and after catalysts have been subjected to degradation tests. It was hoped that trends 
in catalyst activities and stabilities can be explained by the surface analysis. XPS analysis was 
done using a Kratos Axis Nova spectrometer at Newcastle University. The as-prepared catalysts 
were mounted on a copper double-sided adhesive tape. The catalysts collected from the 
electrode tip after degradation were drop-casted onto aluminium foil. The spectra were recorded 
at room temperature and irradiated with monochromatic Al Kα source with energy of 1486.6 
eV run at 15 kV and 10 mA. Pass energies of 20 eV and 160 eV were used for recording 
individual element regions and survey spectra respectively.  
Peak fitting of XPS spectra peaks were done using CasaXPS software. The curves were fitted 
after a Shirley background subtraction using a mixture of Gaussian and Lorentzian line shapes. 
The metallic and non-metallic peaks were fitted with asymmetric and symmetric Gaussian-
Lorentzian line shapes respectively[111].  All XPS spectra were energy scale calibrated with 
respect to the C 1s peak at 284.4 eV[112]. 
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2.3 Electrochemical Characterisation and Techniques 
2.3.1 Electrochemical Evaluation 
The catalyst ink was prepared by mixing 5 mg of carbon supported catalyst with 162 µL of 
water, 800 µL of ethanol and 38 µL Nafion®. The mixture was placed in the ultrasonic bath for 
30 minutes. A 5 μL drop of catalyst ink was deposited onto the glassy carbon tip and then dried 
for 15 minutes. The catalyst loading on the electrode was 0.2 mg cm-2 for all catalyst tested. 
The voltammetry data were recorded using an AutoLab PGSTAT30 potentiostat and analysed 
with GPES software. All experiments were carried out at room temperature.  
Half-cell evaluations were carried out using a three-electrode cell consisting of a glassy carbon 
rotating ring-disk electrode with a 4 mm diameter tip and area 0.1256 cm-2 area and a platinum 
ring with area of 01884 cm2. The potential applied to the platinum ring was 1.2 V (vs NHE).  
The counter electrode was 7.5 cm long platinum wire with 0.5 cm diameter. The reference 
electrode was an Ag/AgCl electrode (209 mV Vs NHE). The potentials referred to in this study 
are referenced to the normal hydrogen electrode (NHE).  
For all electrochemical experiments, the electrolyte, 75 mL of 0.5 M H2SO4 was saturated 
either with nitrogen or oxygen before experiments. The gas was bubbled into the solution at a 
flow rate of about 30 cm3min-1 for 30 minutes before each experiment. During the 
chronoamperometry and potential cycling experiments, a lower flow rate of about 15 cm3min-1 
was used to ensure that gas saturation was maintained throughout the experiment. The details 
of the experimental potential ranges and scan rates are described in the relevant chapters for 
each voltammetric experiment. 
2.3.2 Linear Sweep and Cyclic Voltammetry 
An electrochemical reaction usually involves: transport of reactants to the electrode surface, 
adsorption of the reactants onto the electrode, charge transfer and transport of the products from 
the electrode. Cyclic voltammetry is the most commonly used technique for studying 
electrochemical reactions. It measures an electrode’s current response to applied potential. 
During the experiment, the potential is scanned from a potential value to a switching potential 
and back in the opposite direction to the starting potential. The cyclic voltammogram trace is 
obtained by plotting a graph of current against the applied voltage.  It can be used to study 
catalyst behaviour in different potential regions. This can provide useful information on kinetics 
and mechanisms of electrochemical reactions. The electrochemical behaviour of an electrode 
can be investigated by linear sweep voltammetry (LSV). 
20 
 
 During the LSV experiment, a selected potential range is scanned linearly over time to obtain 
a current-potential curve. The scan usually begins at a potential where no electrochemical 
reactions are occurring and hence no current is observed. After the start of the scanning to 
higher or lower potentials, an anodic or cathodic current is observed when the potential is high 
or low enough to cause the oxidation or reduction of an active electrochemical species. This 
current increases as the reaction kinetics becomes faster until it reaches a peak value and then 
starts to decrease. The highest current value is reached when the potential reaches a value at 
which all the reduced or oxidized form of the active electrochemical material is used up. When 
the potential reaches the set limit, it changes direction and scans towards the second set limit. 
During this second potential scan, the oxidized or reduced species react again to give another 
cathodic or anodic current peak. The full current-potential curve is called is the cyclic 
voltammogram. 
The cyclic voltammogram of an electrode without any active species in the electrolyte is 
characteristic of that electrode. Therefore, the modification of the electrode material, for 
instance by alloying it with another metal, would lead to a change in the current-potential curve 
recorded. This makes cyclic voltammetry a very useful tool in electrochemical analysis[5]. 
Cyclic voltammetry measures changes in current and these current changes can be related to 
ongoing electrochemical processes such as a reduction or an oxidation. This principle can be 
used to calculate the total charge needed for a reduction or an oxidation. The total charge along 
with number of electrons transferred in the process can be used to calculate an electrochemical 
surface area. Since these electrochemical reactions take place on the surface at an atomic level, 
the electrochemically active surface area is much larger than the geometric area. For potential 
catalysts, the electrochemical surface area is often used for their characterisation since other 
parameters such as current and reaction rates are measured relative to it. In this study, the 
electrochemical surface area is used to assess catalyst’s durability as a more stable catalyst is 
expected to retain a higher percentage of its initial surface area when subjected to degradation.  
As shown in Figure 3 below, the CV of a palladium catalyst comprises of three potential 
regions. In the positive sweep, hydrogen desorption on palladium starts at potentials more 
positive than 0 V (0.05 to 0.3 V). This is followed by the double layer charging region observed 
between 0.32 and 0.7 V. Then the oxide region starts with surface oxidation of palladium at 
about 0.75 V to 1.2 V. In the reverse scan, a reduction of these surface oxides starts from 1.2 V 
to lower potentials and the peak of Pd-O reduction is seen at 0.7 V, followed by a double layer 
region from 0.55 to 0.35 V and hydrogen adsorption takes place from 0.3 to 0.05 V. 
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Figure 3: Cyclic voltammogram for a sample of prepared palladium on carbon catalyst, 
recorded in N2-saturated 0.5 M H2SO4 at a scan rate of 100 mVs
-1. 
 
From literature, it is known that 210 μC of charge in the hydrogen adsorption or desorption area 
corresponds to 1 cm-2 electrochemical surface area (ECSA) for palladium and platinum 
electrodes [113]. Therefore, the measurement of hydrogen adsorption or desorption charge can 
be used to calculate a catalyst’s ECSA. Although, it is more common to calculate the ECSA 
from the charge in Pd-O reduction peak as this often a better-defined area. 420 μC of charge in 
the Pd-O reduction peak corresponds to 1cm-2 of ECSA for platinum and palladium electrodes. 
2.3.3 Three-electrode Cell 
This is made up of the working, counter and reference electrodes. The working electrode is 
usually made from glassy carbon, gold or platinum. The counter electrode is typically a 
platinum sheet or coil. For ORR studies, the cathodic reaction is being investigated. The catalyst 
being studied is deposited on the working electrode. The working electrode together with the 
counter electrode forms a circuit as the counter electrode balances the charges added or removed 
by the working electrode. A schematic diagram of the 3-electrode cell set up used in this study 
is shown in Figure 4. 
Oxidation of water to oxygen and protons occurs at the counter electrode while oxygen 
reduction occurs at the working electrode. As only the ORR is of interest in this study, the area 
of the counter electrode is much larger than that of the working electrode so that the anodic 
reaction does not become the limiting reaction. A reference electrode is used to minimise the 
electrolyte’s resistance on the working electrode’s potential and it measures potential at the 
working electrode. This reference electrode is usually placed in a Luggin capillary so that the 
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tip can be placed very close to the working electrode as shown below. This short distance 
minimises the electrolyte resistance without blocking access to the working electrode’s surface 
by the reactants [5]. Ag/AgCl (0.209 V vs NHE) was the reference electrode employed in this 
study.  
In this study, the working electrode employed was a rotating ring-disk electrode. The rotating 
ring-disk electrode used was a rotating glassy carbon disk with an additional platinum ring 
around this disk. While the rotating disk’s rotation resulted in a controllable flux of electrolyte 
(containing dissolved oxygen) over the catalyst deposited on the electrode, the platinum ring 
held at 1.2 V (vs NHE) measured the current associated with the production of peroxide 
intermediates. For each catalyst, a series of LSV experiments involving changing electrode 
rotation rates (400, 625, 900, 1225 and 1600 rpm) were recorded. The results were extrapolated 
to infinite rotation speed so as to eliminate mass transport effects and evaluate reaction kinetics 
in the catalysts. The information from the disk and ring electrodes was used to study if oxygen 
reduction on the catalysts proceeded via the 2 or 4 electron pathway.  
 
 
 
 
 
 
 
 
2.3.4 Tafel Analysis 
The Butler-Volmer equation describes an exponential relationship between the current density, 
overpotential and exchange current density in the absence of mass transport effect and at high 
overpotentials. This equation is shown below.  
𝑖 = 𝑖0 [exp [
−𝛼𝐹𝜂
𝑅𝑇
] − exp [
𝛼𝐹𝜂
𝑅𝑇
]]                                                                                                (2.3) 
 
 
  
 
 
 
Counter Electrode 
Electrolyte 
Working Electrode 
R 
R
D
E 
Luggin Capillary 
Reference Electrode 
 
Gas inlet 
Figure 4: Schematic diagram of a 3-electrode cell.  
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Where i is the overall current density, i0 is the exchange current density, η is the overpotential, 
α is the transfer coefficient, F is the Faraday constant, R is the gas constant and T is temperature.  
Rearranging the equation gives the overpotential as shown below 
𝜂 = [
𝑅𝑇
𝛼𝐹
] ln𝑖0 − [
𝑅𝑇
𝛼𝐹
] ln𝑖                              (2.4) 
This can be rewritten as: 
𝜂 = [
2.3𝑅𝑇
𝛼𝐹
] log𝑖0 − [
2.3𝑅𝑇
𝛼𝐹
] log𝑖                             (2.5) 
Assuming 𝑎 = [
2.3𝑅𝑇
𝛼𝐹
] log𝑖0 and b= [
−2.3𝑅𝑇
𝛼𝐹
]                                                                             (2.6) 
then equation (2.6) can be simplified as 
𝜂 = 𝑎 + 𝑏 log 𝑖                                                                                                                        (2.7) 
Equation (2.7) is the Tafel equation.   
From experimental data of currents at various overpotentials, a plot of log i against η (Tafel 
plot) can be obtained. The Tafel plot can be used to calculate the Tafel slope, b. The transfer 
coefficient, α, which relates to the reaction mechanism can be calculated using equation (2.6). 
Also, extrapolation of the graph to zero overpotential yields the log of i0. i0, the exchange current 
density is measured relative to the electrochemical surface area and relates to the rate at which 
an electrochemical reaction occurs for a given electrode. In this study, calculation of exchange 
current density was used as a measure of a catalyst’s ORR activity.  
2.3.5 Koutecky-Levich Analysis 
The Koutecky-Levich equation describes the relationship between the overall current density 
and the rotation speed of the working electrode. 
1
𝑖
=
1
𝑖𝑘
+
1
𝐵√𝜔
                                (2.8) 
Where i is the overall current density, ik is the kinetic current density, ω is the rotation speed 
and B is a constant dependent on the oxygen diffusivity, concentration and on the viscosity of 
the electrolyte. Koutecky-Levich plots can be obtained from experimental data by plotting i-1 
against ω-1/2, where i is the overall current density and ω is the rotation speed, at a given 
potential value. The extrapolation of the linear region of the plots to infinite rotation speed 
allows for the determination of the kinetic current, ik. 
Another form of the Koutecky-Levich equation describes the relationship between the overall 
current density and the currents with and without mass transport effects. 
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1
𝑖
=
1
𝑖𝑘
+
1
𝑖𝑙
                             (2.9) 
Where i is the overall current density, ik is the kinetic current density and il is the limiting current 
density. il can be expressed as shown below 
𝑖𝑙 = 0.62𝑛𝐹𝐶𝐷
2
3𝑉
−1
6 𝜔
1
2                           (2.10) 
Where il is the limiting current density, n is the number of electrons transferred, F is the Faraday 
constant 96845 Cmol-1, C is the concentration of dissolved oxygen (1.03x10-3M), D is the 
diffusion coefficient of oxygen (2.1x10-5cm2s-1), V is the kinematic viscosity of the electrolyte 
solution (1.1x10-2 cm2s-1) and ω is the rotation speed in rads-1. The values of n can be obtained 
for the catalysts from experimental data by plotting il vs ω1/2. The number of electron transferred 
can be used for determining the reaction pathway[114]. 
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Chapter 3. Palladium-Gold Bimetallic Particles as Oxygen Reduction 
Catalysts 
3.1 Introduction 
Platinum-based catalysts are usually considered the most suitable for ORR in acidic media due 
to platinum’s high ORR activity, good stability and its ability to perform the direct 4-electron 
reduction of oxygen to water [115]. Gold is a cheaper noble metal with a similar mass and 
crystal structure to platinum. In contrast to platinum, gold has a lower ORR activity and 
undergoes oxygen reduction mainly via the 2-electron reduction mechanism [116, 117] in acidic 
media. In a comparative study, 795 mV was reported as the reduction peak potential for Pt/C 
and only 265 mV for Au/C [118]. Shao et al. used density functional theory to calculate ORR 
activities of palladium monolayer on various elements and palladium on gold was found to be 
active, although with lower activity than palladium on platinum [119]. The authors correlated 
this activity to a modification of palladium d-band centres by these elements. 
Gold has also been reported to be able to modify and enhance the ORR properties of platinum 
and palladium. For instance, Zhang et al. [120] reported that the modification of a platinum 
catalyst with gold resulted in the stabilisation of the catalyst. Pt/C and gold-modified Pt/C were 
subjected to 30,000 cycles of potential cycling between 0.6 and 1.1 V, with the LSVs recorded 
both catalysts before and after the degradation test. The gold-modified Pt/C and the unmodified 
Pt/C showed half-wave potential degradation of 5 and 39 mV respectively. The authors 
suggested that gold was able to increase platinum’s oxidation potential and hence improve its 
stability. Palladium-gold nanowires on carbon were reported to exhibit enhanced activity of 
0.40 mAcm-2 when compared to palladium nanowires on carbon  (0.12 mAcm-2) and 
commercial platinum nanoparticles on carbon (0.20 mAcm-2) respectively[121]. The authors 
suggested that the addition of gold was able to stabilise palladium against dissolution and 
oxidation by suppressing the formation of Pd-O at potentials of up to 0.9 V. Although an 
enhancement of activity was observed, stability data for the catalysts were not presented. 
The addition of gold to a palladium-cobalt catalyst was found to improve its activity compared 
to Pd/C [59] in acidic media. The improvement in activity was attributed to an electronic 
modification of the palladium with gold and cobalt. Rao et al. [122] also reported an 
enhancement in ORR for a PdCoAu/C catalyst compared to Pd/C. At 0.8 V, current densities 
of 1.32 mAcm-2 and 0.15 mAcm-2 were recorded for PdCoAu/C (heat-treated at 800 °C) and as-
prepared Pd/C respectively. Shim et al. prepared a series of catalysts featuring a palladium shell 
on a core of Au/C and found a catalyst PdAu/C with Au:Pd ratio of 1:0.61 to have the highest 
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ORR activity in acid, comparable to that of Pt/C [123]. Half-wave potentials were reported to 
be 0.771 V and 0.731 vs NHE for the PdAu/C and Pt/C catalysts respectively.  This catalyst 
was found to be stable as it was able to maintain its original activity in terms of onset potential, 
half-wave potential and limiting current when subjected to 50 consecutive RDE 
voltammograms recorded in an oxygen-saturated 0.5M sulphuric acid.  
Although catalysts based on pure gold have low ORR activity in acidic media, the literature 
suggests that the alloying of gold to palladium can result in enhancement of palladium’s ORR 
activity and stability. Even though gold has a lower ORR activity in acid, it has a high 
electrochemical stability[73]. From its Pourbaix diagram, it can be observed that gold is 
resistant to oxidation over a large range of pH values as well as higher potentials. Gold was 
selected for use in this study because of this stability at low pH values and high potentials. 
3.2 Synthesis of Palladium-Gold Bimetallic Catalysts 
Electrocatalysts were prepared a simultaneous co-reduction of the palladium precursor, 
(NH4)2PdCl4 and the gold precursor HAuCl4.3H2O in ethylene glycol. In a typical synthesis, 
appropriate quantities of the precursor salts (shown in Chapter 2) were added to a 10 mL 
solution of trisodium citrate in deionised water to obtain palladium to gold compositions of 1:1 
and 3:1(weight ratio of palladium to gold). 1M solution of NaOH was added dropwise so as 
increase the pH to 11. This mixture was added dropwise to a flask containing a nitrogen-
saturated sonicated suspension of 200 mg Vulcan in 75 mL ethylene glycol. The reaction was 
heated to 120 °C and refluxed at this temperature for 3 hours while being constantly stirred. 
After cooling down, the carbon-supported catalyst was separated from the reaction by 
centrifuging. Catalyst was extensively washed with deionised water and ethanol. It was dried 
at 80 °C in the oven overnight. The resulting solid was ground with a mortar. A catalyst 
containing palladium only on carbon (Pd/C) was also synthesised by the same method using 
only the palladium precursor. 
3.3 X-ray Diffraction (XRD) Analysis of Palladium-Gold Bimetallic Catalysts 
The X-ray diffraction patterns of the palladium-gold (PdAu/C and Pd3Au/C) and the palladium 
(Pd/C) catalysts are shown in Figure 5. The broad peak at 25° was assigned to carbon from the 
support for all catalysts[113]. For all three catalysts, the diffraction peaks at 2θ values of ca. 
40.1°, 46.5°, 67.9°, 81.9° and 86.4° were attributed to the (111), (200), (220), and (311) crystal 
planes of palladium respectively [124]. Additional peaks were seen at 38.1°, 44.3°, 64.4°, 77.3° 
and 81.5° for the 2 gold-containing samples PdAu/C and Pd3Au/C. These were assigned to the 
(111), (200), (220), and (311) crystal planes of gold respectively [124]. These diffraction 
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patterns reveal individual palladium and gold phases; no alloy phases were observed. This is in 
good agreement with the work of Chen et al. where alloy formation between palladium and 
gold was only observed after a heat-treatment at 200 °C was applied to the synthesised 
palladium-gold catalyst [124].  The average crystallite sizes for palladium and gold particles 
were estimated from the full-width at half maximum of the palladium (220) and gold (220) 
peaks using the Scherrer equation [100]. The 220 peaks were used for crystallite size 
calculations because they are considered to not be influenced by diffraction peaks 
corresponding to the carbon support [124].  The calculated sizes were 7.2 nm (palladium) and 
8.7 nm (gold), 4.9 nm (palladium) and 9.2 nm (gold) for the PdAu/C and Pd3Au/C catalysts 
respectively. The crystallite size for the pure palladium catalyst Pd/C was also found to be 4.3 
nm. 
                     
Figure 5: X-ray diffraction patterns obtained for the Pd/C, Pd3Au/C and PdAu/C catalysts. 
Reflections labelled ‘c, ‘Pd’ and ‘Au’ correspond to carbon, palladium and gold respectively.  
3.4 TEM and EDX Characterisation of Palladium-Gold Catalysts 
Transmission electron microscopy was used to obtained images for the three catalysts; the 
images showed that spherical metal particles were dispersed on the carbon support without 
much agglomeration for the three catalysts. The particle size distribution was obtained for each 
catalyst by measuring the sizes of over 100 randomly selected particles. The TEM images as 
well as the particle size distributions obtained for the three catalysts are shown in Figures 6, 7 
and 8.  The average particle sizes were 7.5 nm, 6.8 nm and 5.4 nm for PdAu/C, Pd3Au/C and 
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Pd/C catalysts respectively. The measured average particle sizes were in good agreement with 
those calculated from the XRD peaks using the Scherrer equation.  
 
Figure 6: TEM image obtained for Pd/C and its corresponding particle size distribution 
showing particles of about 5 nm.  
 
 
Figure 7: TEM image obtained for Pd3Au/C and its corresponding particle size distribution 
showing well-dispersed particles.  
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Figure 8: TEM image obtained for PdAu/C and its corresponding particle size distribution 
showing a mixture of smaller and larger particles. 
High resolution images of nanoparticles on Pd3Au/C and Pd/C catalysts were also obtained. 
Fast Fourier transform was used to measure the lattice space. In the pure palladium catalyst, the 
interplanar spacing between the lattice planes was measured to be 0.22 nm. This was found to 
correspond to the (111) plane of face-centred cubic palladium [124]. The same interplanar 
spacing of 0.22 nm was observed in the Pd3Au/C catalyst as well as an additional spacing of 
about 0.24 nm corresponding to gold (111) plane [125] showing the presence of palladium and 
gold in the Pd3Au/C. 
  
Figure 9: High resolution image obtained for Pd/C and Pd3Au/C showing lattice planes for 
palladium and gold.  
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According to the preparation procedure, complete deposition of palladium and gold precursors 
on the support would yield 20 % weight metal catalysts. The average weight percentages of 
metal were obtained from EDX measurements at 5 different spots on each sample so as to get 
a good average value. The average values for palladium and gold in Pd/C, Pd3Au/C and PdAu/C 
are presented in Table 6. The values obtained were close to the expected values; indicating a 
complete precursor reduction and deposition of metal particles on the support.  
Table 6: EDX metal weight average, average particle sizes estimated from XRD and TEM 
analysis for PdAu/C, Pd3Au/C and Pd/C catalysts. 
 
It was observed from Table 6 that the estimated crystallite sizes from XRD were slightly higher 
than the average particle sizes measured from TEM. This may be as a result of some smaller 
nanoparticles not being so visible in the TEM images and therefore were not included in the 
average particle size calculation while they are detected in XRD peaks used for estimating the 
crystallite sizes. An increase in particle size with increasing amount of gold in the catalysts was 
also observed. This could be due to an initial fast reduction of gold, followed by a slower 
reduction of palladium on the gold since gold has a higher redox potential than palladium [126].  
3.5 Cyclic Voltammetry (CV) Characterisation of the Palladium-Gold Catalysts 
PdAu/C, Pd3Au/C and Pd/C were subjected to cyclic voltammetry so as to study their 
electrochemical behaviour and redox processes. A cyclic voltammogram of the prepared 20 % 
palladium on carbon (Pd/C) recorded between 0.05 V and 1.2V at a scan rate of 100 mVs-1 is 
shown in Figure 10. In the positive sweep, hydrogen desorption was observed from 0.05 to 0.3 
V, followed by the double layer region between 0.32 and 0.7 V and surface oxide formation 
was observed between 0.75 and 1.2 V.  In the reverse scan, reduction of surface oxide was 
observed from 1.2 V to about 0.6 V, with Pd-O reduction observed from 0.82 V (reduction peak 
Catalyst XRD Estimated Crystallite 
Size (nm) 
TEM Average 
Particle Size 
(nm) 
EDX Metal Average 
 Pd (nm) Au (nm) Pd (% wt.) Au (% wt.) 
PdAu/C 7.2 8.7 7.5 10.8 11.5 
Pd3Au/C 4.9 9.2 6.8 16.2 5.8 
Pd/C 4.3 - 5.4 21.4 - 
31 
 
centred around 0.7 V), followed by a double layer region from 0.55 to 0.35 V and hydrogen 
adsorption region between 0.3 to 0.05 V. These observations are consistent with those reported 
for Pd/C in literature [113, 127].  
 
 
Figure 10: Cyclic voltammogram of Pd/C in N2-saturated 0.5 M H2SO4 at a scan rate of 100 
mVs-1.  
Cyclic voltammograms recorded for the three catalysts (Pd/C, PdAu/C and Pd3Au/C) at a scan 
rate of 20 mVs-1 are shown in Figure 11. The overall shape of CVs obtained for the two 
palladium-gold catalysts were similar to that recorded for the palladium on carbon catalyst. All 
three catalysts showed hydrogen adsorption and desorption peaks at low potentials (ca. 0.05 V 
to 0.3 V), double layer region (ca. 0.4 V to 0.7 V) and surface-oxide formation peaks (ca. 0.8 
V to 1.2 V). No additional oxidation or reduction peaks were seen for the gold containing 
samples. This observation is in agreement with Hsu’s work where the CVs obtained for their 
gold-palladium catalysts were similar to that of the palladium catalyst in acid[128]. In contrast 
to palladium, it has been reported that surface oxide formation starts at higher potential for gold 
and the actual oxidation peak for gold is observed at higher potentials ca. 1.4 V [129].  
 Although no redox peak is seen for gold in the PdAu/C and Pd3Au/C CV, an increased anodic 
current was seen in the surface-oxide formation region between 0.9 V and 1 V in comparison 
to the palladium catalyst. A similar increase in anodic current in the surface-oxide formation 
region attributed to the start of surface oxide formation on gold has been reported for palladium-
gold electrodes by Lukaszewski [130] and Hsu [128].Therefore, the increased anodic current 
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observed for PdAu/C and Pd3Au/C was attributed to the onset of surface oxide formation on 
gold. 
                                 
Figure 11: Cyclic voltammograms for PdAu/C, Pd3Au/C and Pd/C catalysts in N2-saturated 
0.5 M H2SO4 at a scan rate of 20 mVs
-1. 
In comparison to the Pd/C catalyst, the surface-oxide reduction peaks for the palladium-gold 
catalysts were observed to have shifted to higher potentials (from 0.71 V to 0.74 V for Pd/C). 
A similar shift has been previously reported by Lukaszewski and Czerwinsk [131] for their 
palladium-gold electrodes. This shift was attributed to the presence of gold in palladium-gold 
catalysts as discussed by Xing [132].   
From the CVs shown in Figure 11, it can be observed that current associated with hydrogen 
adsorption and desorption reduced with decreasing amount of palladium in the catalysts. This 
decrease was thought to be because the current associated with the hydrogen peaks would only 
be due to palladium hydrogen desorption since gold electrodes have been reported to not show 
peaks corresponding to either hydrogen adsorption and desorption[133].  
Electrochemical surface area (ECSA) were calculated for the three catalysts by integrating the 
charge under the palladium-oxide reduction peak and comparing it to the charge density of 420 
µC cm-2 reported for the reduction of a monolayer of PdO on palladium [133]. The ECSA values 
obtained were 15.5, 6.2 and 2.5 m2g-1 for the Pd/C, Pd3Au/C and PdAu/C catalysts respectively. 
The catalyst Pd/C with the smallest particle size (5.4 nm) had the biggest ECSA, followed by 
Pd3Au/C (6.8 nm). A relatively low value was obtained for PdAu/C, even though it had a similar 
average particle size (7.5 nm) to Pd3Au/C (6.8 nm). This suggests that the higher amount of 
gold in the PdAu/C caused a reduction in the overall surface oxygen adsorbed and hence the 
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area under the oxide reduction peak used for ECSA measurement. Gold has been reported to 
hinder the hydrogen adsorption as well as oxide reduction on palladium [134]. This is consistent 
with Damjanovic’s observation that in contrast to palladium, gold’s surface has a low coverage 
of oxygenated-species at oxygen reduction potentials [135]. A decrease in the electrochemical 
surface area with increasing gold quantities in a series of PdAu/C catalysts has also been 
reported by Erikson [134].  
The ECSA values were also obtained for commercial samples of 20 % Pd/C and 20% Pt/C as 
25.8 and 57.2 m2g-1 respectively. These samples were denoted PdCOM and PtCOM for the 
commercial palladium and platinum samples respectively.  
3.6 Oxygen Reduction Activity Studies of Palladium-Gold Catalysts 
Each catalyst’s activity was evaluated from the onset potential, Tafel slope and exchange 
current density. These parameters determined for the synthesised catalysts were compared with 
results from commercially bought 20 % palladium on carbon (denoted PdCOM) and 20 % 
platinum on carbon (denoted PtCOM). 
The open circuit potential (OCP) of each catalyst was measured as soon as the electrode was 
placed in the electrolyte (oxygen-saturated 0.5 M H2SO4). Three linear sweep voltammograms 
(LSV) were recorded from a potential 30 mV higher than OCP to a lower potential of 0.2 V a t 
a scan rate of 5 mVs-1.  All reported parameters were calculated from data obtained from the 
third voltammogram recorded.   
                           
Figure 12: Linear sweep voltammograms for PdAu/C, Pd3Au/C and Pd/C compared with the 
commercial palladium and platinum at 400 rpm and scan rate of 5 mVs-1.  
-3.1
-2.7
-2.3
-1.9
-1.5
-1.1
-0.7
-0.3
0.1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
j /
 m
A
 c
m
-2
E / V (vs NHE)
PdAu/C
Pd3Au/C
Pd/C
PdCOM
PtCOM
34 
 
Figure 12 compares the linear sweep voltammograms recorded for the prepared PdAu/C, 
Pd3Au/C and Pd/C catalysts alongside commercial 20 % Pd/C and 20 % Pt/C (PdCOM and 
PtCOM). All catalysts displayed the three regions typically associated with an ORR polarisation 
curve; the area under kinetic control, the mixed kinetic-diffusion area and the area under 
diffusion control. Low current densities were observed in the kinetic-control region; indicating 
slow ORR kinetics at high potential (ca. 0.9 V). The scans progressed to lower potentials, where 
the increase in reaction rates were observed as increasing current densities in the mixed control 
region (ca. 0.85 to 0.65 V). The increasing current densities reached a maximum for each 
catalyst in the diffusion-controlled region (ca. 0.5 V and lower).  Onset potentials were 0.86, 
0.87, 0.87 and 0.89 V for PdAu/C, Pd3Au/C, Pd/C and PdCOM catalysts respectively. The 
commercial platinum catalyst had an onset of 0.97 V which was about 100 mV more positive 
than that of any of the palladium-based catalysts.    
The commercial Pt/C gave the highest current at highest potentials overall as expected since 
platinum is widely reported in literature for its high ORR activity. Among the palladium-based 
catalyst, commercial Pd/C gave the best activity. Its higher activity is related to its higher ECSA 
compared to the other palladium-based catalysts. The PdAu/C had the lowest activity; this low 
activity is ascribed to the presence of higher amounts of gold present in the sample. Gold and 
gold based catalysts have been reported to possess low activity towards ORR [126]. 
3.7 Koutecky-Levich Analysis on Palladium-Gold Catalysts 
ORR activity of different catalysts is often evaluated and compared using the Koutecky-Levich 
plots. Kinetic current and hence specific and mass activities of catalysts can be obtained from 
a plot of the inverse of overall current against the inverse of rotation speed. Data for the 
Koutecky-Levich plots is taken from a set of LSVs at different rotation rates so as to calculate 
the current without the mass-transport effect (kinetic current). The set of 5 consecutive LSVs 
obtained for Pd/C, PdCOM and PtCOM are shown in Figures 13, 14 and 15.  
In contrast to the LSV obtained for the commercial Pt/C catalyst, Pd3Au/C, prepared Pd/C and 
commercial palladium on carbon (PdCOM) presented very unstable voltammograms. 
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Figure 13: Linear sweep voltammograms for Pd/C catalyst at a scan rate of 5 mVs-1 and 
rotation rates of 400, 625, 900, 1225 and 1600 rpm. 
 
 
Figure 14: Linear sweep voltammograms for commercial palladium (PdCOM) catalyst at a 
scan rate of 5 mVs-1 and rotation rates of 400, 625, 900, 1225 and 1600 rpm. 
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Figure 15: Linear sweep voltammograms for commercial platinum (PtCOM) catalyst at a scan 
rate of 5 mVs-1 and rotation rates of 400, 625, 900, 1225 and 1600 rpm.   
It was observed that polarisation curves obtained for the catalysts with higher palladium ratios 
(Pd3Au/C, Pd/C and commercial PdCOM) showed marked variations to the expected curves 
over the course of recording the set of 5 consecutive voltammograms as a result of rapidly 
decreasing electrochemical surface area. The loss of electrochemical surface area is indicative 
of the low stability of palladium-based catalysts in acid media. This resulted in the variations 
of successive polarisation curves; especially in the region under mixed kinetic and diffusion 
control. This is consistent with literature reports of palladium hayving a lower stability than 
platinum in acidic media [114, 136]. Villulas and Pires [137] reported a similar loss of activity 
and shape change during recording polarisation curves for a palladium catalyst. Koutecky-
Levich analysis could not be done for these catalysts as any results obtained from these would 
be highly inaccurate due to the changes in activity observed in the mixed kinetic- diffusion 
region during recording of the polarisation curves. 
3.8 Tafel Analysis of Palladium-Gold Catalysts 
The Tafel plot describes the relationship between kinetic current density and overpotential. 
Therefore, Tafel analysis was used in evaluating the ORR activity of the catalysts to measure 
the rate of increase in overpotential with current density. The plot is obtained by plotting 
potential against the logarithm of mass transport corrected current density as shown in Figure 
16 for the commercial platinum. 
For this analysis, data points for the Tafel plots were taken from the recorded LSVs for the five 
catalysts (PdAu/C, Pd3Au/C, Pd/C, PdCOM and PtCOM) at 400 rpm and scan rate of 5 mVs
-1. 
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A mass transport effect correction was applied to the current density values. All Tafel plots 
were linear and used to calculate the Tafel slope and exchange current density for each catalyst 
as shown in Table 7.  
                                               
Figure 16: Tafel plot obtained for the commercial Pt/C catalyst showing two Tafel slopes of 72 
and 119 mVdecade-1. 
The commercial platinum catalyst showed two Tafel slopes; 72 and 119 mV decade-1 at the low 
current density region (0.93 to 0.87 V) and high current density region (0.86 to 0.76 V) 
respectively as shown in Figure 16. Tafel  slopes of 60 and 120 mV decade-1 are characteristic 
for ORR on platinum electrodes at low and high current density regions respectively[12, 138]. 
This change in Tafel slope has been attributed to changes in surface coverage of electrode by 
adsorbed oxygen intermediates, with Tafel slopes of 60 and 120 mV decade-1 obtained at high 
and low surface oxide coverage conditions respectively. An initial one electron transfer to 
oxygen molecule was reported to be the rate-determining step in both Tafel regions [139, 140]. 
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Figure 17: Tafel plot obtained for the Pd/C catalyst showing a single Tafel slope and a non-
linear region. 
The purely palladium catalysts (Pd/C and PdCOM) had single Tafel slopes close to 60 mV 
decade-1; values of 60-70 mV decade-1 has been reported in literature for palladium and 
palladium-based catalysts in acid [37, 62, 67, 141]. The palladium catalysts had a single Tafel 
slope as a non-linear region was observed for palladium in the high current density region as 
shown in Figure 17. The linear region for the Pd/C was observed between 0.76 and 0.69 V, a 
non-linear region was observed at potentials lower than 0.69 V. 
Oxygen reduction on palladium electrodes in H2SO4 has been reported to proceed via a 
mechanism similar to that of platinum since they both usually have the same Tafel slopes [15]. 
The low Tafel slope of 60 mV decade-1 was reported by Damjanovic et al. [135] to correspond 
to ORR taking place on an oxide-covered platinum electrode while Hoare[142] reported a Tafel 
slope of 102 mV decade-1 for ORR on a palladium electrode that had been oxidised and then 
reduced. This is consistent with Tafel slopes of 60 and 120 mV decade-1 obtained at high and 
low surface oxide coverage for platinum. Therefore, it can be concluded that the low Tafel 
slopes (71, 59 and 72 mV decade-1) found for the Pd/C, PdCOM and PtCOM respectively were 
as a result of ORR taking place on the oxide-covered palladium and platinum while the second 
higher Tafel slope (119 mV decade-1) for the commercial Pt/C catalyst was due to ORR on a 
mostly oxide-free platinum.  
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The palladium-gold catalysts (PdAu/C and Pd3Au/C) exhibited single Tafel slopes of 61 and 
72 mV decade-1 respectively. These values obtained are similar to those of Pd/C and PdCOM 
and were attributed to ORR taking place at high oxide coverage of the palladium surface. 
Table 7: Tafel Slopes and exchange current density values obtained for PdAu/C, Pd3Au/C, 
Pd/C, commercial Pd/C and Pt/C catalysts. 
Catalyst Tafel slope (mVdecade-1) Exchange Current Density  
(Acm-2) 
PdAu/C 61 3.7x10-14 
Pd3Au/C 72 8.9x10
-14 
Pd/C 71 6.2x10-12 
PdCOM 59 2.4x10-11 
PtCOM 72 5.5x10-10 
119 4.2x10-8 
 
The exchange current densities were calculated by extrapolating the Tafel plots to the electrode 
equilibrium potential for each catalyst using the real or the electrochemical surface area. 
Pd3Au/C had an exchange current density value about 2 times higher than the value obtained 
for PdAu/C. This could be due to the presence of higher amounts of palladium in Pd3Au/C as 
palladium is more active for ORR than gold in acid. Exchange current density for commercial 
Pd/C catalyst was about 2 times higher than that of the prepared Pd/C catalyst with similar 
amounts of metal. This could be due to the larger particle sizes and hence a smaller ECSA on 
Pd/C .The value obtained for the commercial Pd/C was close to values reported by Alvarez et 
al. [113] and Gnanamuthu et al. [143] in order of (10-11 Acm-2).  The commercial Pt/C catalyst 
had the highest exchange current density as expected, with its exchange current density at the 
high current density region being about 1.5 times the order of magnitude of the commercial 
Pd/C. Exchange current density for the commercial Pt/C at high current density region (low 
oxide-coverage) was nearly twice the order of magnitude of its value in the low current density 
region (high oxide-coverage); indicating that ORR is more facile on the oxide-free platinum. A 
similar observation of a higher exchange current density at the high current density region 
(Tafel slope close to 120 mV decade-1) for platinum has been reported in literature [37, 144]. 
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The calculated exchange current density values for platinum are in good agreement with those 
reported in literature; in order of 10-7 and 10-10 Acm-2 at the high and low current density regions 
respectively [37, 145].  
3.9 Quantification of Hydrogen Peroxide Generated for Palladium-Gold Catalysts 
It is desirable for the catalysts to undergo oxygen reduction via a direct 4-electron route pathway 
and produce the lowest amount of hydrogen peroxide possible. While the oxygen reduction is 
ongoing at the disk, the platinum ring around the disk held at a voltage of 1.2 V oxidises the 
generated peroxide intermediates to oxygen. Therefore, this current associated with peroxide 
oxidation occurring on the platinum ring( ring current) can be used to monitor, quantify and 
compare the amounts of peroxide intermediates produced during ORR for each catalyst 
[146].The ring current obtained for PdAu/C, Pd3Au and Pd/C are shown along with those 
obtained for the commercial palladium and platinum catalysts at a rotation rate of 400 rpm in 
Figure 18. The Pt/C catalyst had the lowest ring current while the PdAu/C had the highest 
current meaning they produced the lowest and highest amounts of peroxide intermediate 
respectively. Also, all the palladium and palladium-based catalysts generally had higher ring 
currents than Pt/C. PdAu/C had the highest amount of peroxide intermediates detected. This 
observation were not surprising as ORR on gold electrodes have been reported to proceed via 
the 2-electron pathway involving the production of peroxides [39] in acidic media.   
 
Figure 18: Ring currents obtained for the PdAu/C, Pd3Au/C and Pd/C catalysts compared with 
the commercial palladium and platinum at 400 rpm and a scan rate of 5 mVs-1.                           
The percentage of peroxide produced during the ORR was quantified from Equation 3.1. 
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Where IR is the ring current, ID is the disk current and N is the collection efficiency 37 % (as 
supplied by manufacturer). The percentage peroxide generated were measured at 0.4 V.  The 
percentage peroxide produced were 2.1 %, 7.1 %, 7.9 %, 21.3 % and 35.7 % for the PtCOM, 
PdCOM, Pd/C, Pd3Au/C and PdAu/C catalysts respectively. The percentage peroxide generated 
by ORR on platinum has been reported to be around 2 % [147] and 7 % for palladium on Vulcan 
[148].  Palladium based catalysts have been reported to generally produce more peroxide 
intermediates than platinum [149].  
3.10 Cyclic Voltammetry (CV) Stability Studies of Palladium-Gold Catalysts 
Cyclic voltammetry was used for studying the stability of the three catalysts. This was done by 
recording 100 consecutive cyclic voltammograms for each catalyst at a scan rate of 100 mVs-1 
from 0.05 V to 1.2 V in nitrogen. The results were compared to results obtained from using 
commercial 20 % Pd/C (PdCOM) and 20% Pt/C (PtCOM). The effect of this cycling on the 
ECSA was monitored to provide information on catalyst stability. The more stable catalyst was 
expected to retain a higher percentage of its initial ECSA after cycling.   
  
Figure 19: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for PdAu/C 
catalyst during 100 cycles recorded at 100 mVs-1.  
During the 100 cycles for PdAu/C (voltammograms shown in Figure 19 for cycles 1, 10, 50 and 
100), a dramatic change was observed in the overall shape of the CVs. In the first 10 cycles, a 
significant decrease in peak size was seen in hydrogen adsorption and desorption area as well 
as in the oxide reduction area. The catalyst had lost most of its palladium electrochemical 
features by the fiftieth cycle. For its hundredth cycle, the recorded voltammogram showed 
electrochemical behaviour that was similar to a gold electrode; where no oxidative or reductive 
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current was observed at the potential range used for this study (0.05 to 1. 2 V v NHE). This is 
consistent with a similar change to a  palladium-gold catalyst observed by Lukaszewski [131] 
during potential cycling in H2SO4. The authors attributed this behaviour to selective dissolution 
of palladium from the catalyst leading to a gold-enrichment on the surface. Li et al. also 
observed that  segregation of gold to the surface of a palladium-gold catalyst as a result of gold’s 
lower surface energy relative to palladium [150].  
 
Figure 20: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for Pd3Au/C 
catalyst during 100 cycles recorded at 100 mVs-1. 
A continuous decrease of current was observed in the areas corresponding to hydrogen 
adsorption/desorption and oxygen reduction for Pd3Au/C as shown in Figure 20 from the first 
to the last cycle. Although the characteristic palladium peaks in the catalyst decrease in size, 
they are still visible through to the hundredth cycle. This is in contrast to the PdAu/C catalyst 
that had lost all its palladium features after the first 50 cycles.  
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Figure 21: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for prepared 
Pd/C catalyst during 100 cycles recorded at 100 mVs-1. 
 
Figure 22: An overlay of the hundredth cyclic voltammogram obtained for PdAu/C, Pd3Au/C 
and Pd/C catalysts recorded at 100 mVs-1.  
The hundredth cyclic voltammograms obtained for the three prepared catalysts; PdAu/C, 
Pd3Au/C and Pd/C are shown in Figure 22 for ease of comparison. It was observed that Pd3Au/C 
and Pd/C presented similar CV profiles; both characteristic of a palladium on carbon catalyst 
indicating that both catalysts maintained their palladium redox features during the potential 
cycling from 0.05 to 1.2 V. It was also observed that Pd3Au/C had higher redox currents in the 
hydrogen adsorption and desorption area as well as in the oxide reduction area compared to 
Pd/C indicating a lower rate of redox current degradation during the potential cycling test and 
hence is a more stable catalyst than Pd/C. The higher cycling stability observed in Pd3Au/C 
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compared to Pd/C was attributed to the presence of gold in the sample. A similar stabilization 
effect by the addition of small amounts of gold to palladium and platinum ORR catalysts has 
been observed in the literature [123, 151]. Sasaki et al. [126] reported an enhancement in ORR 
stability for a platinum monolayer deposited on palladium-gold nanoparticles catalyst 
compared to a platinum monolayer deposited on palladium nanoparticles, the authors suggested 
that gold may inhibit platinum dissolution and hence stabilise the catalyst.   
 In contrast to Pd3Au/C and Pd/C, the CV recorded for PdAu/C at the hundredth cycle presented 
a different profile; a profile with no defined redox features which is similar to that of gold 
electrodes in acidic media at the potential range used in this study [150, 152]. The loss of the 
initially-present palladium features in PdAu/C was attributed to an enrichment of gold on 
surface [152]. Although both PdAu/C and Pd3Au/C contain gold which could modify 
palladium’s electrochemical behaviour, they exhibited different electrochemical behaviour 
under cycling where Pd3Au/C maintained its palladium redox features and PdAu/C behaved 
more like a gold electrode. This difference in electrochemical behaviour was attributed to the 
higher ratio of gold to palladium in PdAu/C compared to Pd3Au/C especially because palladium 
and gold were not alloyed in the samples, as deduced from the XRD data. 
                             
Figure 23: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for commercial 
20 % palladium on carbon catalyst during 100 cycles recorded at 100 mVs-1. 
For the two pure palladium-based catalysts (prepared Pd/C and commercial Pd/C), significant 
changes to the CVs and ECSA values were observed in the 100 scans as shown in Figures 21 
and 23. A decrease in peak intensities was also observed in areas corresponding to hydrogen 
adsorption and desorption, surface-oxide formation and surface-oxide reduction for both 
catalysts. In addition to these changes, the peaks corresponding to the surface-oxide reduction 
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shifted to slightly higher potentials (ca. 50 mV) in the CVs obtained for the hundredth cycle for 
both catalysts. This is indicative of increasing particle size during the potential cycling. A 
similar potential increase in the position of the oxide-reduction peak has been reported for 
palladium [153] as well as platinum [154] and attributed to particle size increase in both cases.  
 Although, the ECSA loss appears to be greater for the commercial Pd/C (91 %) than the 
prepared Pd/C (78 %). This was thought to be as a result of the commercial catalyst having a 
smaller average particle size (3.6 nm) than the prepared Pd/C catalyst (5.4 nm). Mittermeier et 
al. [153] observed that ECSA loss during potential cycling was inversely proportional to 
particle sizes. In addition, they reported that no stable particle size was found after they tested 
series of Pd/C catalysts (3 to 9 nm); all the catalysts lost essentially all of their ECSA over the 
course of recording 2000 potential cycles between 0.5 to 1.0 V. Therefore, the authors 
concluded that palladium was not suitable for use as an ORR catalyst in acid.  
Tang et al. [155] also observed a similar decrease in ECSA during a degradation study of Pd/C. 
They found the ECSA loss to be due to a reduction in number of ORR active sites resulting 
from an increase in palladium oxides on palladium surface through cycling at high potentials 
(1.2V).  Therefore, the surface area loss observed in this study was attributed to increase in size 
of palladium nanoparticles and electrochemical oxidation of palladium [73, 74, 153]. 
                           
Figure 24: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for commercial 
20 % platinum on carbon catalyst during 100 cycles recorded at 100 mVs-1. 
In contrast to the platinum catalyst, the four palladium-based catalysts showed significant 
changes to the surface-oxides reduction peak during potential cycling. This shows that the 
palladium-based catalysts had a lower stability than platinum during the cycling tests. Platinum-
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based catalysts have been reported to demonstrate higher stability than palladium-based 
catalysts in acidic media [115, 153, 156].  Each catalyst’s stability was evaluated by measuring 
the loss of electrochemical surface area between the first and the last cycle; as a more stable 
catalyst would retain a higher percentage of its initial ECSA after cycling. The calculated 
percentages are shown in Table 8.   
The commercial platinum catalyst was the most stable and retained 98 % of its initial ECSA.  
The palladium on carbon catalysts (commercial Pd/C and prepared Pd/C) were the most 
unstable; retaining only 9 % and 22 % of their initial ECSA values. Pd3Au/C and PdAu/C 
retained 58 % and 12 % of their initial ECSA respectively. In comparison with Pd/C, Pd3Au/C 
retained a high percentage of its initial surface area value; suggesting the addition of gold can 
improve the stability of palladium. The improved stability was thought to be due to gold 
segregating to the catalyst surface during potential cycling [150] and protecting palladium from 
the harsh oxidative conditions. This protection can be maintained during the potential cycling 
since gold does not begin to oxidise in H2SO4 until ca. 1.32 V; which is outside the potential 
window (1.2 V upper limit) used in this study [73, 157]. Gold has been reported to impart 
additional stability to catalysts; Chen et al. [158] reported improved stability of a palladium-
gold catalyst compared to a similarly synthesised purely palladium based catalyst. Kang [159] 
also observed improved stability of a PtAuNi/C catalyst. They attributed the enhancement to 
gold’s high corrosion-resistance and its ability to form a passivating layer that reduces the 
oxidation and dissolution of other less stable species in the catalyst; improving the overall 
durability of catalyst. 
Table 8: ECSA values, average particle sizes and ECSA retained after cycling in nitrogen for 
PdAu/C, Pd3Au/C, Pd/C, PdCOM and PtCOM catalysts. 
Catalyst Average Particle 
Size (nm) 
ECSA (m2g-1) ECSA retained after 
100 cycles (%) 
PdAu/C 7.5 2.5 12 
Pd3Au/C 6.8 6.2 58 
Pd/C 5.4 15.5 22 
PdCOM 3.6 25.8 9 
PtCOM 2.4 57.2 98 
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3.11 Chronoamperometry Studies of the of Palladium-Gold Catalysts 
The stability of PdAu/C, Pd3Au/C and Pd/C were evaluated using chronoamperometry. 
Chronoamperometry can be used for monitoring the decay of ORR current at a specific potential 
over time.  The holding potential was each catalyst’s half-wave potential since they exhibited 
very different activities. Current was monitored over two hours at a rotation rate of 900 rpm 
while maintaining a gentle oxygen flow into the electrolyte. The catalyst stability was evaluated 
from the ratio of its final current (at 2 hours) to initial current (taken at 10 seconds). The 
obtained current-time plots for the catalysts are shown in Figure 25 along with those obtained 
for the commercial palladium and platinum. The plot shows a normalized current, where 100 % 
is the initial current at 10 seconds for each catalyst.  
          
Figure 25: Chronoamperometric response curves obtained for PdAu/C, Pd3Au/C, Pd/C, 
PdCOM and PtCOM catalysts based on normalising each catalyst’s initial current to 100 %.  
From Figure 25, a decay of current was observed for all catalysts. Percentages of ORR current 
retained were 38 %, 31 %, 16 %, 13 % and 63 % for PdAu/C, Pd3Au/C, Pd/C, PdCOM and 
PtCOM catalysts respectively. The commercial platinum, followed by PdAu/C exhibited the 
highest stability. It was observed that PdAu/C showed a higher stability under 
chronoamperometry than the potential cycling test. This was thought to be due to the ECSA 
being used a measure of stability in the potential cycling test; PdAu/C’s loss of ECSA was 
attributed to an enrichment of gold on the surface. The other results were in good agreement 
with the trend observed in the potential cycling test monitoring the ECSA loss during the 
cycling.   
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3.12 Conclusions 
Palladium and palladium-gold catalysts were successfully synthesised via a polyol method. The 
average particle sizes were 7.5 nm, 6.8 nm and 5.4 nm for PdAu/C, Pd3Au/C and Pd/C catalysts 
respectively. XRD analysis revealed the presence of two individual palladium and gold phases 
with no alloying between the metals. Electrochemical characterisation revealed a palladium-
rich surface on all catalysts initially. Initial cyclic voltammograms of the palladium-gold 
catalysts revealed a similar redox behaviour to palladium; hydrogen adsorption and desorption 
peaks at low potentials (ca. 0.05 V to 0.3 V), double layer region (ca. 0.4 V to 0.7 V) and 
surface-oxide formation peaks (ca. 0.8 V to 1.2 V). The electrochemical surface areas obtained 
were 15.5, 6.2 and 2.5 m2g-1 for the Pd/C, Pd3Au/C and PdAu/C catalysts respectively. 
Linear sweep voltammograms showed onset potentials of 0.86, 0.87, 0.87 V for PdAu/C, 
Pd3Au/C and Pd/C. It was observed that polarisation curves for Pd3Au/C, prepared Pd/C and 
commercial Pd/C showed marked variations to the expected curves over the course of recording 
the set of 5 consecutive voltammograms as a result of rapidly decreasing electrochemical 
surface area. Therefore, kinetic current and hence specific and mass activities could not be 
calculated for these catalysts. Pd/C, Pd3Au/C and PdAu/C exhibited single Tafel slopes around 
60 mV decade-1 associated with ORR taking place at high oxide coverage of the palladium 
surface. The ORR activity was found to decrease with increasing amounts of gold in catalysts. 
The exchange current densities calculated for Pd3Au/C and PdAu/C were in the order of 10
-14, 
about 2 times lower in magnitude than values obtained for Pd/C catalysts (10-12). The 
palladium-gold catalysts produced about 5 times the amount of peroxides during ORR when 
compared with the pure palladium catalysts. 
Potential cycling from 0.05 to 1.2 V was used to evaluate the catalysts stability over 100 cycles. 
PdAu/C lost most of its palladium electrochemical features by the fiftieth cycle and showed no 
oxidative or reductive currents by the hundredth cycle. This was associated with an enrichment 
of gold on its surface. Severe ECSA losses of 78, 91, 88 and 42 % were observed for prepared 
Pd/C, commercial Pd/C, PdAu/C, and Pd3Au/C respectively. These ECSA loses were attributed 
to oxidation of the palladium surface due to repeated potential cycling to a relatively high 
potential of 1.2 V. 
 The higher stability of Pd3Au/C suggested the addition of gold can improve palladium’s 
stability. The improved stability was attributed to gold segregating to the catalyst surface during 
potential cycling and protecting the palladium from the harsh oxidative conditions. The most 
stable catalyst was the commercial Pt/C catalyst with only a 2 % loss of ECSA observed.  
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Evaluation of stability by chronoamperometry showed percentages of ORR current retained 
38 %, 31 %, 16 %, 13 % and 63 % for PdAu/C, Pd3Au/C, Pd/C, commercial Pd/C and 
commercial Pt/C catalysts respectively. PdAu/C presented the highest stability; a result that was 
different to the initially-observed trend when ECSA was used for the evaluation. This was 
because PdAu/C’s loss of ECSA was also associated with an enrichment of gold on the surface 
rather than just palladium oxidation.  
From these experiments, the addition of gold to palladium was observed to be beneficial to 
improving palladium’s stability in acid media. This enhancement of stability was attributed to 
a surface segregation of gold and its ability to protect palladium from oxidation. However, a 
reduction in activity was also observed especially with increasing ratio of gold in the catalysts. 
Therefore, further work is needed into maintaining palladium’s activity in the presence of gold.    
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Chapter 4. Palladium-Iridium Particles as Oxygen Reduction Catalysts 
4.1 Introduction 
Although iridium is more commonly used as anode catalysts for the oxygen evolution reaction 
[160, 161], it has been found to be useful in oxygen reduction reactions as well [162]. This is 
due to iridium being cheaper than platinum and possessing excellent electrochemical stability 
in acid [163]. Iridium is a platinum group metal sharing some similar properties with platinum; 
atomic sizes, face-centred cubic crystal structures and high dissolution potentials [164] (Ir/Ir3+ 
1.16 V and Pt/Pt2+ 1.18 V). Iridium has also been reported to undergo oxygen reduction via the 
highly preferred 4-electron reduction pathway [165].  
 In contrast to platinum, Ir/C has been reported to have low ORR activity [166]. The authors 
reported a kinetic current density of 0.1 mAcm-2 and 13.9 mAcm-2 at 0.8 V for Ir/C and Pt/C 
respectively in H2SO4. They also reported that modification of the Ir/C catalyst with cobalt 
resulted in improved activity and doubling of the kinetic current density was observed. Li et al. 
[167] also reported an enhancement in iridium’s ORR activity by its modification with 
vanadium. The authors observed a maximum power density of 517.2 mW cm-2 for Ir-V/C 
catalyst; about 1.5 times higher than that obtained for a pure Ir/C catalyst. Although there was 
an improvement in Ir-V/C, its power density was only 77 % of that recorded for Pt/C under the 
same conditions. This ORR improvement in Ir-V/C was attributed to reduced Ir-Ir distances in 
the catalyst and the presence of other elements (vanadium in this case) being able to modify 
iridium’s surface and electronic properties.  
Therefore, iridium is not typically used as the main metal for ORR catalysis. It is often used as 
co-catalyst alongside other metal such as platinum and palladium. Platinum-iridium alloys [162, 
164, 168] have been reported to show enhanced ORR activity compared to platinum. The 
improvement in activities were attributed to the presence of iridium in the catalysts weakening 
the adsorption strength of OH, reducing OH-coverage and thus improving ORR activity of 
platinum.   
Iridium nanoparticles decorated on platinum-palladium core- shell nanoparticles have been 
found to improve the activity and stability during ORR in a fuel cell when compared to Pt/C 
[169]. The authors reported a 24 % increase in maximum power density (792.2 mW cm−2 at 
70 °C). During potential cycling of 40,000 cycles, the iridium decorated Pt/C catalyst lost only 
32 % of its ECSA while the Pt/C had lost 50 %.  
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In contrast to the usually reported nanoparticles, Yang et al. synthesised nanowire alloys (1.5-
2 nm) of palladium and iridium[170]. They attributed changes in shapes of CV obtained (a 
flattening of the Pd-O reduction peak) to a protection of palladium with iridium through 
alloying. An enhancement in stability of PdIr/C compared to commercial Pt/C catalyst was 
reported. The PdIr/C lost 33 % mass activity while the commercial Pt/C lost 65 % under the 
same degradation conditions at 0.9 V. Another report of palladium-iridium nanocrystals was 
made by the same authors [171]. A similar observation of improved catalytic stability was 
observed in a fuel cell with a Pd2Ir/C nanocrystal losing only 6 % ECSA and 12 % mass activity 
compared to 42 % and 58 % loss for the commercial Pt/C after 10,000 cycles. This improved 
durability was attributed to iridium’s existence in the sub-surface layer altering palladium’s 
surface electronic structure, lowering the activation energies of O/OH hydrogenation and thus 
protecting palladium from dissolution losses.    
These studies have shown the beneficial effects of modifying ORR metal catalysts with iridium. 
Therefore, iridium was chosen to alloy with palladium with a view of enhancing palladium’s 
stability during oxygen reduction. From its Pourbaix diagram [172], it can be observed that 
iridium is stable under the test conditions for fuel cells; low pH and high potentials. A ternary 
catalyst with palladium, iridium and gold was also studied as gold was found to enhance 
palladium’s stability in the previous chapter (Chapter 3). 
4.2 Synthesis of Palladium-Iridium Catalysts 
To prepare the PdIr/C catalyst, appropriate amounts of (NH4)2PdCl4 and IrCl3.3H2O were 
dissolved in 10 mL sodium citrate solution. A ternary palladium-iridium-gold catalyst 
(PdIrAu/C) was also prepared using appropriate amounts of (NH4)2PdCl4, IrCl3.3H2O and 
HAuCl4.3H2O dissolved in 10 mL sodium citrate solution. The exact amounts used for each 
catalyst are shown in Chapter 2.   
This mixture was added dropwise to a heated flask containing a nitrogen-saturated sonicated 
suspension of 200 mg Vulcan in 75 mL ethylene glycol at 140 °C. The reaction was maintained 
at this temperature for 3 hours. The solution was allowed to cool down naturally and each 
carbon-supported catalyst was separated from the reaction solution by centrifuging. Catalyst 
was extensively washed with deionised water and ethanol. Catalyst was dried at 80 °C in the 
oven overnight and ground with a mortar.  
Palladium catalyst (Pd/C) prepared and discussed in Chapter 3 will be used for comparison 
purposes.  
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4.3 X-ray Diffraction (XRD) Analysis of Palladium-Iridium Catalysts 
The X-ray diffraction patterns of the PdIr/C, PdIrAu/C and Pd/C catalysts are shown in Figure 
26. The broad peak at 25° was assigned to carbon for all catalysts [173]. The diffraction peaks 
at 2θ values of ca. 40.1°, 46.5°, 68.2° and 81.9° were attributed to the (111), (200), (220), and 
(311) crystal planes of palladium respectively [113] for the three catalysts. Although no peaks 
relating to iridium or iridium oxide were observed, slight shifts towards higher 2θ angles were 
noted for the PdIr/C and PdIrAu/C catalysts. This suggests a lattice interaction between 
palladium and iridium. This is in good agreement with observation of higher Bragg angles 
reported by Bao et al [173] and Kim et al. [174]. The higher Bragg angles reported for the 
PdIr/C catalysts were attributed to a lattice contraction caused by incorporation of iridium with 
a lower d-spacing (0.2217 nm) into palladium (0.2246 nm). The diffraction pattern obtained for 
the ternary PdIrAu/C catalyst was similar to that of the palladium-iridium catalysts. No 
additional peaks relating to gold phases were observed. This could be due to the low ratios of 
gold (3 %) to palladium and iridium used in the ternary catalyst.  
The average crystallite sizes of the catalysts were estimated from the full-width at half 
maximum of the (220) peak using the Scherrer equation. The calculated sizes were 5.6 nm and 
4.8 nm for PdIr/C and PdIrAu/C catalysts respectively. These sizes are similar in value to 4.3 
nm calculated for the Pd/C catalyst.  
 
Figure 26: X-ray diffraction patterns obtained for PdIr/C, PdIrAu/C and Pd/C catalysts.  
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4.4 TEM and EDX Characterisation of Palladium-Iridium Catalysts 
The obtained TEM images for PdIr/C and PdIrAu/C catalysts showed that spherical metal 
particles were dispersed on the carbon support without much agglomeration. The images 
obtained for PdIr/C and PdIrAu/C are shown in Figures 27 and 28.  The particle size distribution 
was obtained by measuring the sizes of more than 100 randomly selected particles from the 
TEM images. 
  
Figure 27: TEM image obtained for PdIr/C and its corresponding particle size distribution. 
 
Figure 28: TEM image obtained for PdIrAu/C and its corresponding particle size distribution. 
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From the TEM images in Figures 27 and 28, it can be observed that PdIr/C and PdIrAu/C had 
narrow particle size distributions. The average particle size was calculated for both catalysts by 
measuring and taking the average of more than 100 particles. 5.2 nm and 4.8 nm were obtained 
as average particle size for PdIr/C and PdIrAu/C respectively. The measured average particle 
sizes were in good agreement with those calculated from the XRD peaks using the Scherrer 
equation.  
High resolution images of single nanoparticles on PdIr/C, PdIrAu/C and Pd/C catalysts were 
also obtained. Fast Fourier transform was used to measure the lattice space. In Pd/C catalyst, 
the interplanar spacing between the lattice planes was 0.2224 nm. This corresponded to the (111) 
plane of face-centred cubic palladium. A slightly larger spacing of 0.2227 nm was measured in 
the PdIr/C catalyst. This is in good agreement with data from XRD analysis suggesting the 
interaction between palladium and iridium led to changes in lattice spacing. Similar 
measurement of lattice parameter of a palladium-iridium alloy was reported by Bao et al[173].  
 
Figure 29: High resolution image obtained for Pd/C and PdIr/C showing lattice planes for 
palladium. 
As shown in Figure 30 below, 2 distinct lattice spaces were observed in the HRTEM image for 
the PdIrAu/C; (0.2226 nm corresponding to a slightly larger Pd (111) as observed and discussed 
for the PdIr/C catalyst) and 0.2361 nm for Au (111). These values were obtained on two 
individual particles suggesting a stronger interaction between palladium and iridium and 
minimal interaction with gold. 
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Figure 30: HRTEM image obtained for PdIrAu/C showing lattice planes of palladium and gold 
obtained on different particles.  
The average weight percentages of metals in PdIr/C and PdIrAu/C from EDX measurements 
are presented in Table 9 below. The value for Pd/C is shown along for comparison. The values 
obtained were close to the expected values (20 % total metal weight on carbon); indicating a 
complete precursor reduction and deposition of metal particles on the support. 
Table 9: EDX metal weight average, average particle sizes estimated from XRD and TEM 
Analysis for PdIr/C, PdIrAu/C and Pd/C catalysts. 
Catalyst XRD Estimated 
Crystallite Size 
(nm) 
TEM Average 
Particle Size 
(nm) 
EDX Metal Average 
Pd (% wt.) Ir (% wt.) Au (% wt.) 
PdIr/C 5.6 5.2 10.8 9.6 - 
PdIrAu/C 4.6 4.8 11.6 8.5 3.4 
Pd/C 4.3 5.4 21.4 - - 
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4.5 X-ray Photoelectron Spectroscopy (XPS) Analysis of Palladium-Iridium Catalysts 
XPS was used to analyse the oxidation state and surface composition of PdIr/C and PdIrAu/C. 
The Pd 3d spectra (Figure 31) of the PdIr/C showed 2 peaks that were resolved using 3 doublets. 
The binding energies of the Pd 3d5/2 peaks at 335.6 eV, 336.2 eV and 337.6 eV corresponded 
to metallic Pd0, palladium with oxygen adsorbed (PdOads) and palladium II oxide respectively 
(PdO) [175, 176]. The compositional analysis of the palladium peaks show that the Pd0, PdOads 
and PdO were in a relative ratio of 89.2%, 2.3% and 8.5% respectively. This indicates that the 
catalyst surface consisted mostly of metallic palladium.  
In comparison to metallic 3d5/2 peak of the Pd/C, an increase in binding energy from 335.3 eV 
to 335.6 eV was observed for the PdIr/C catalyst. This 0.3 eV increase in palladium binding 
energy upon iridium addition suggests a possible interaction between both metals. Asanova et 
al. [175] reported a similar observation and attributed the increase in palladium binding energy 
to a charge transfer from palladium to iridium.  
 
Figure 31: Pd 3d and Ir 4f XPS Spectra obtained for PdIr/C. 
The Ir 4f spectrum (Figure 31) was resolved into two doublets and a singlet peak. The peak 
positions of the Ir 4f7/2 at 60.7 eV and 61.5 eV were assigned to metallic iridium [175] and 
iridium with oxygen adsorbed (IrOads) [177] respectively. The singlet peak at 65.5 eV was 
attributed to the Ir 5p1/2 peak as discussed by Kahk [178]. The corresponding Ir 5p3/2 peak was 
seen in the survey spectrum at a binding energy of approximately 49 eV as expected.  A 0.2 eV 
decrease in binding energy of metallic Ir 4f7/2 was observed (60.9 eV to 60.7 eV). This negative 
shift corroborates the initially observed positive shift in the Pd 3d spectrum and confirms an 
alloying interaction between palladium and iridium in the PdIr/C catalyst as suggested by the 
XRD analysis.  
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The Pd 3d and Ir 4f XPS spectra obtained for the PdIrAu/C catalyst were similar in composition 
and binding energies to PdIr/C. This indicates that the surfaces of the ternary catalyst are similar 
to that of bimetallic PdIr/C and the addition of gold to the ternary catalyst did not cause a 
modification in palladium-iridium’s surface behaviour.  
4.6 Cyclic Voltammetry (CV) Characterisation of Palladium-Iridium Catalysts 
The cyclic voltammograms obtained for Pd/C, PdIr/C and PdIrAu/C catalysts at a scan rate of 
20 mVs-1 from 0.05 to 1.2V in nitrogen is shown in Figure 32.   
  
Figure 32: Cyclic voltammograms of Pd/C, PdIr/C and PdIrAu/C catalysts in N2-saturated 0.5 
M H2SO4 at a scan rate of 20 mVs
-1. 
From Figure 32, it can be observed that PdIr/C and PdIrAu/C had similar CV profiles which 
were quite different to the typical shape seen for the Pd/C catalyst; indicating significant 
changes to the palladium CV upon the addition of iridium. Similar observations for the CV 
changes in palladium-iridium alloys have been reported in literature [169, 179]. The surface 
oxide formation on the iridium-containing catalysts started at a much lower potential (0.55 V) 
than on Pd/C (0.75 V). On the reverse scan, oxide reduction peak for PdIr/C and PdIrAu/C 
catalysts were observed to have shifted to a lower potential (0.61 V from 0.7 V). This was 
thought to be a result of iridium’s low oxygen reduction activity, with typical values of 0.44 V 
reported for oxide reduction peak of iridium on carbon electrodes [166, 180].  
From the CVs (Figure 32), it can be observed that the oxide reduction peaks for PdIr/C and 
PdIrAu/C are very broad and not well resolved. In contrast to palladium and platinum electrodes, 
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
0.05 0.25 0.45 0.65 0.85 1.05 1.25
j /
 m
A
 c
m
-2
E / V (vs NHE)
PdIrAu/C Pd/C PdIr/C
58 
 
iridium has been reported to show no distinct oxide reduction feature in acid electrolytes [166]. 
This has been discussed to be due to the nature of iridium’s adsorption of oxygen species in 
aqueous solution being different to platinum and palladium electrodes [180].  
The electrochemical surface area was calculated for the catalysts by integrating the charge 
under the palladium-oxide reduction peak and comparing this with a charge density of 420 
µCcm-2 reported for the reduction of a monolayer of PdO on palladium [133]. The ECSA values 
obtained were 7.6, 8.2 and 15.5 m2g-1 for the PdIr/C, PdIrAu/C and Pd/C catalysts respectively. 
It was observed that ECSA value for PdIrAu/C was larger than PdIr/C; this could be a result of 
its smaller average particle size (4.8 nm for PdIrAu/C and 5.2 nm for PdIr/C).  
4.7 Oxygen Reduction Activity Studies of Palladium-Iridium Catalysts 
Activity of PdIr/C and PdIrAu/C were evaluated from data obtained from linear sweep 
voltammograms recorded from a potential 30 mV higher than onset potential to 0.2 V a t a scan 
rate of 5 mVs-1 in oxygen-saturated 0.5 M H2SO4.  
 
Figure 33: Linear sweep voltammograms for PdIr/C, PdIrAu/C compared with Pd/C, 
commercial Pd/C and commercial Pt/C at 900 rpm and a scan rate of 5 mVs-1. 
Figure 33 compares linear voltammograms recorded for the prepared PdIr/C, PdIrAu/C 
catalysts alongside prepared Pd/C, commercial 20 % Pd and 20 % Pt (PdCOM and PtCOM) at 
a rotation of 900 rpm. All catalysts displayed the three regions typically associated with an 
ORR polarisation curve.  It can be seen that the commercial Pt/C had the highest activity 
followed by commercial Pd/C and the prepared Pd/C.  PdIrAu/C had a higher activity than 
PdIr/C; suggesting that the addition of gold to the PdIr/C improved its activity. The increased 
activity of PdIrAu/C was thought to be as a result of its smaller average particle size. 
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Both PdIr/C and PdIrAu/C had activities lower than Pd/C; suggesting the addition of iridium 
caused a reduction in palladium’s ORR activity. This is not surprising as iridium and gold have 
been reported to have low ORR activity in acid [118, 166]. Further electrochemical studies were 
carried out on these catalysts as the aim of this study was to investigate the stability of 
palladium-based catalysts. Onset potentials were 0.87, 0.87, 0.87 and 0.89 V for PdIr/C, 
PdIrAu/C, Pd/C and PdCOM catalysts respectively. The commercial platinum catalyst had an 
onset of 0.97 V which was about 100 mV more positive than that of any of the palladium-based 
catalysts.  
4.8 Koutecky-Levich Analysis on Palladium-Iridium Catalysts 
The data from the linear sweep voltammograms recorded for PdIr/C, PdIrAu/C and PtCOM at 
rotation rates of 400, 625, 900, 1225 and 1600 rpm were used for a Koutecky-Levich plot. The 
plots for PdIr/C and PdIrAu/C could only be compared with the commercial platinum catalyst 
as Koutecky-Levich plots could not be obtained for the prepared Pd/C and the commercial 
palladium catalyst due their instability as discussed in Chapter 3.  Koutecky-Levich plot is a 
plot of the inverse overall current against the inverse of rotation rate. An extrapolation of 
rotation rate to infinity from the Koutecky-Levich plot gives the value of kinetic current. Kinetic 
current, ik is the current without any effects from mass-transport. Figure 34 shows the plot 
obtained for the PdIr/C, PdIrAu/C and commercial Pt/C at a potential of 0.67 V. This potential 
was selected because all three catalysts were under a mixed kinetic and diffusion control regime 
at this potential.  
  
Figure 34: Koutecky-Levich plots obtained for PdIr/C, PdIrAu/C and the commercial Pt/C 
catalyst at 0.67 V.  
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Specific and mass activities were calculated from the kinetic current values obtained from each 
catalyst as shown in Table 10.  The specific and mass activities were obtained for each catalyst 
by normalizing the kinetic current with its electrochemical surface area and its noble metal 
loading respectively.  
Table 10: Kinetic parameters obtained for PdIr/C, PdIrAu/C and PtCOM catalysts. 
Catalyst Kinetic current at 
0.67 V (mA) 
Specific Activity at 
0.67V (mAcm-2) 
Mass Activity at 0.67 
V (Agmetal
-1) 
PdIr/C 0.47 0.23 86.48 
PdIrAu/C 0.55 0.29 111.75 
PtCOM 5.92 2.41 1177.45 
 
From the values obtained from the Koutecky-Levich plots in Table 10, it can be seen that the 
PdIrAu/C exhibited about one and half times the specific activity of the PdIr/C. This suggests 
that the addition of gold to PdIr/C improved its ORR activity. The observed enhancement could 
be resulting from PdIrAu/C’s smaller average particle size; however, this improved activity of 
PdIrAu/C was about only a tenth of that of the commercial Pt/C. These values could not be 
compared with literature values as activities are usually reported at 0.9 V or 0.85 V for platinum 
catalysts.  
4.9 Tafel Analysis on Palladium-Iridium Catalysts  
Tafel analysis was used to evaluate the ORR activity of the PdIr/C and PdIrAu/C catalysts via 
the Tafel slope and the exchange current density. The obtained values were compared with 
those calculated for prepared Pd/C, commercial Pd/C and Pt/C. Figure 35 shows the Tafel plot 
obtained for the PdIr/C catalyst. The Tafel slopes and exchange current density values 
calculated for each catalyst are shown in Table 11. 
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Figure 35: Tafel plot obtained for the PdIr/C catalyst showing its two Tafel slopes of 89 and 
121 mVdecade-1 at the low and high current density regions respectively. 
Table 11: Tafel Slopes and exchange current density values obtained for PdIr/C, PdIrAu/C 
Pd/C, commercial Pd/C and commercial Pt/C catalysts. 
Catalyst Tafel slope (mVdecade-1) Exchange Current Density  
(Acm-2) 
PdIr/C 89 2.8x10-13 
122 5.1x10-11 
PdIrAu/C 92 5.6x10-13 
120 9.3x10-11 
Pd/C 71 5.6x10-12 
PdCOM 59 9.5x10-12 
PtCOM 72 5.5x10-10 
119 4.2x10-8 
 
In contrast to the palladium catalysts (Pd/C and PdCOM), PdIr/C and PdIrAu/C exhibited two 
Tafel slopes of 89 and 92 mVdecade-1 in the low current density region (0.82 to 0.73 V) as well 
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as 122 and 120 mVdecade-1 in the high current density region (from 0.72 V to lower potentials).  
The change in Tafel behaviour observed for PdIr/C and PdIrAu/C suggests that iridium caused 
a change in surface coverage of palladium by adsorbed oxygen intermediates. This modification 
in electronic behaviour of palladium is supported by the changes observed in oxide-formation 
and oxide-reduction regions of the CV for the palladium-iridium based catalysts. Therefore, the 
two Tafel slopes observed for PdIr/C and PdIrAu/C were attributed to an iridium modification 
of palladium surface. These Tafel values obtained are close to those reported in literature at 80 
and 121 mVdecade-1 [165, 181] for iridium. 
Although iridium’s ORR has been reported [165] to proceed via a mechanism similar to 
platinum where platinum’s Tafel slopes of 60 and 120 mVdecade-1 are characteristic for ORR 
at high surface oxygen coverage  and low surface oxygen coverage respectively [12, 138], this 
difference in Tafel values at the low current density region (89 and 72 mVdecade-1 for PdIr/C 
and Pt/C respectively) suggests a difference in the rate determining step during ORR between 
platinum and iridium.  
PdIr/C and PdIrAu/C showed exchange current densities lower than values obtained for Pd/C; 
indicating their lower ORR activity. The ternary catalyst showed higher exchange current 
densities than the PdIr/C. This improvement was attributed to the presence of gold in the 
catalysts. The obtained values are close to a value of (10-10 Acm-2) published for ORR on an 
iridium catalyst at the high current density region with a Tafel slope of 112 mVdecade-1 [165].  
4.10 Quantification of Hydrogen Peroxide Generated for Palladium-Iridium Catalysts 
The ring currents obtained for PdIr/C and PdIrAu/C along with those obtained for Pd/C, 
commercial palladium and platinum catalysts at a rotation rate of 900 rpm are shown in Figure 
36 below. All catalysts had a low ring currents with the lowest value obtained from the 
commercial Pt/C.  
The percentage of peroxide produced during the ORR was quantified at 0.4 V. The percentage 
peroxide produced were 2.1 %, 2.6 %, 3.5 % 7.1 and 7.9 % for the commercial platinum, PdIr/C, 
PdIrAu/C, commercial Pd/C and prepared Pd/C catalysts respectively.  The similar peroxide 
yields for commercial Pt/C and PdIr/C are consistent with literature reports of about 2 % 
reported for platinum and iridium catalysts [147, 182]. 
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Figure 36: Ring currents obtained for PdIr/C, PdIrAu/C, Pd/C, commercial Pd/C and 
commercial Pt/C catalysts at 900 rpm and a scan rate of 5 mVs-1. 
The peroxide yield of PdIr/C and PdIrAu/C are similar, although the slightly higher yield on 
PdIrAu/C can be due to the presence of gold. In comparison to the prepared Pd/C and 
commercial Pd/C, PdIr/C and PdIrAu/C both had lower amounts of peroxide intermediates 
detected. This suggests that the interaction between palladium and iridium can improve 
palladium’s selectively for the direct 4-electron reduction of oxygen.  
4.11 Cyclic Voltammetry (CV) Stability Studies of Palladium-Iridium Catalysts 
Cyclic voltammetry was used to study the stability of PdIr/C and PdIrAu/C catalysts in acid. 
This was done by recording 100 cyclic voltammograms for each catalyst at a scan rate of 100 
mVs-1 from 0.05 to 1.2 V in nitrogen-saturated 0.5M H2SO4. The effect of cycling on the ECSA 
was monitored to provide information on catalyst stability. Figures 37 and 38 show the first, 
tenth, fiftieth and hundredth cyclic voltammograms obtained for PdIr/C and PdIrAu/C. 
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Figure 37: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for PdIr/C 
catalyst during 100 cycles recorded at 100 mVs-1. 
 
Figure 38: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for PdIrAu/C 
catalyst during 100 cycles recorded at 100 mVs-1. 
From Figures 37 and 38, a dramatic change was observed in the overall shapes of the CVs 
recorded for the two catalysts over 100 cycles. Significant decreases were seen in the hydrogen 
adsorption and desorption area as well as in the oxide reduction areas over the 100 cycles 
recorded. The surface-oxide reduction peaks were observed to be shifted to higher potentials. 
These observations are similar with those observed and discussed for Pd/C and PdCOM in 
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Chapter 3. Therefore, the loss of ECSA for PdIr/C and PdIrAu/C was attributed to palladium 
oxidation and particle size increase. Table 12 shows the percentage of ECSA retained by each 
catalyst after the potential cycling along with for those values obtained for prepared Pd/C, 
commercial Pd/C, (PdCOM) and commercial Pt/C (PtCOM). 
Table 12: ECSA values, average particle sizes and ECSA retained after cycling in nitrogen for 
PdIr/C, PdIrAu/C, Pd/C and commercial Pd/C and Pt/C catalysts. 
Catalyst Average Particle Size 
(nm) 
ECSA (m2g-1) ECSA retained 
after 100 cycles (%) 
PdIr/C 5.2 7.6 31 
PdIrAu/C 4.5 8.2 38 
Pd/C 5.4 15.5 22 
PdCOM 3.6 25.8 9 
PtCOM 3.1 57.2 98 
In comparison to the Pd/C and PdCOM, it was observed that PdIr/C and PdIrAu/C retained 
higher percentages (31 % and 38 %) of their initial ECSA values respectively. This suggests 
the interaction of palladium with iridium in PdIr/C and PdIrAu/C improved palladium’s 
stability under potential cycling conditions.  
XPS analysis was done for PdIr/C, PdIrAu/C and PdCOM after degradation so as to investigate 
the electronic effect of potential cycling on the catalysts’ surfaces. This was done by collecting 
the used catalysts’ particles from the working electrode after the potential cycling test. The 
images shown in Figures 39, 40 and 41 are of the Pd 3d regions obtained for the catalysts 
(commercial Pd/C, PdIr/C and PdIrAu/C) before and after the catalysts’ degradation. From the 
images, it can be observed that significant changes occurred on all the palladium surfaces during 
potential cycling; all 3 catalysts showed a decrease in the relative ratio of the metallic Pd0 and 
an increase in the relative ratios of the oxidised species (PdOads and PdO) after the potential 
cycling.  
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Figure 39: Pd 3d XPS Spectra obtained for commercial Pd/C before (labelled a) and after 
potential cycling (labelled b).  
The fitted data of Pd 3d XPS spectra for the commercial Pd/C showed a significant reduction 
in the relative ratio metallic Pd0 composition before and after the potential cycling study.  
  
Figure 40: Pd 3d XPS Spectra obtained for PdIr/C before (labelled a) and after potential 
cycling (labelled b). 
A similar decrease in intensity of the metallic Pd0 peak was also observed for the PdIr/C. In 
comparison with PdCOM, the loss of the metallic Pd0 composition was not as pronounced. This 
suggests that PdIr/C was more resistant to surface oxidation during the potential cycling.  
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Figure 41: Pd 3d XPS Spectra obtained for PdIrAu/C before (labelled a) and after potential 
cycling (labelled b). 
The increase in the surface oxidation detected by XPS could be a reason for their loss of activity 
during degradation as it has been reported that the zero-valent palladium and not the oxidised 
palladium is active for ORR [127]. This observation is in good agreement with the works of 
Arico et al. [183] who during an XPS study observed enhanced ORR activity as a result of 
increasing the relative ratio of metallic platinum in a catalyst. According to Solomun [74], the 
repetitive formation and reduction of palladium’s surface oxide eventually leads to the 
suppression of palladium’s electrodissolution and palladium becoming oxidised. Juodkazis et 
al. [75] also reported a similar observation of palladium’s electrochemical oxidation rather than 
it’s dissolution as being the main electrochemical process during palladium’s anodic 
polarisation up to 1.3 V in 0.5 M H2SO4. They reported only about 5 % of the total amount of 
ionized palladium dissolved in the electrolyte. Therefore, the instability (loss of ECSA) 
observed for PdIr/C, PdIrAu/C and PdCOM in this potential cycling study was attributed to an 
electrochemical oxidation of palladium due to repeated potential cycling to high potentials.  
Table 13 shows the percentage of metallic Pd0 component retained by the catalysts after the 
potential cycling. A more stable catalyst would be more resistant to surface oxidation and hence 
be able to maintain a higher percentage of its initial metallic component. PdCOM was the most 
unstable catalyst as it retained only 12 % from the initial 92 % metallic Pd0 component. PdIr/C 
and PdIrAu/C retained 20 % and 28 % respectively. This suggests that the electronic interaction 
between palladium and iridium as revealed by XRD and XPS analyses was able to modify 
palladium’s properties and increase its resistance to oxidation. A similar electronic modification 
of palladium by iridium has been reported by Meku [184] for a stable Pd3IrFe/C alloy; the 
authors concluded that this alloying interaction between palladium and iridium led to the 
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weakening of the adsorption of oxygenated intermediates on palladium surface. This can 
explain the higher stability observed for PdIr/C compared to commercial PdCOM as PdIr/C’s 
palladium surface was more corrosion-resistant and retained higher percentage of its initial 
metallic component after the potential cycling.  
  
Figure 42: Au 4f XPS Spectra obtained for PdIrAu/C before (labelled a) and after potential 
cycling (labelled b). 
Figure 42 shows the fitted data for the Au 4f spectra of PdIrAu/C before and after the potential 
cycling. It was observed that there were no discernible changes to the gold spectra before and 
after the experiment. This observation demonstrates the stability of gold and its resistance to 
oxidation under the potential cycling conditions used. XPS data could not obtained for the 
iridium 4f spectra due to low intensity signals. Iridium’s low intensity was thought to be due to 
Iridium’s segregation to subsurface layers, as iridium has a higher surface segregation energy 
than palladium [185]. A similar enrichment of palladium on the surface has been reported for a 
Pd3FeIr/C catalyst and the authors attributed this to a sub-surface segregation of iridium  [184].        
4.12 Chronoamperometry Studies of Palladium-Iridium Catalysts 
The stability of PdIr/C and PdIrAu/C were evaluated using chronoamperometry. The holding 
potential was each catalyst’s half-wave potential. Current was monitored over two hours at a 
rotation rate of 900 rpm. The obtained current-time plots are shown along with results obtained 
from Pd/C, commercial palladium and platinum catalysts in Figure 43. The plots show a 
normalized current, where 100% is the initial current at 10 seconds for each catalyst.  
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Figure 43: Chronoamperometric response curves obtained PdIr/C, PdIrAu/C, Pd/C, 
commercial Pd/C and Pt/C catalysts normalised to each catalyst’s initial current. 
From Figure 43, a steady decay of current was observed for all catalysts. Percentages of ORR 
current retained were 18 %, 25 %, 16 %, 13 % and 63 % for PdIr/C, PdIrAu/C, Pd/C, PdCOM 
and PtCOM catalysts respectively. The commercial platinum, followed by the PdIrAu/C 
exhibited the highest stability. This is in good agreement with the trend observed in the potential 
cycling test monitoring the ECSA loss during the cycling.  
4.13 ORR Degradation Studies on Palladium-Iridium Catalysts 
A degradation test was done to evaluate catalysts’ stabilities and quantify the loss of activity 
during ORR for PdIr/C, PdCOM and PtCOM. The degradation was done through potential 
cycling between 0.87 V to 0.4 V. These potentials were selected for use in order to exclude 
electrochemical processes involving hydrogen or palladium oxidation since palladium has been 
reported to undergo oxidation at potentials around 0.96 V [73, 156]. In addition, the initial 
stability tests of potential cycling between 0.05 and 1.2 V (Section 4.11) suggested palladium 
oxidation as a potential cause of catalyst degradation.  
At the start of the experiment, 3 cyclic voltammograms were recorded in a nitrogen-saturated 
0.5 M H2SO4 from 0.05 to 1.2 V at a scan rate of 20 mVs
-1 to determine the ECSA of the catalyst. 
After the CVs were recorded, the catalysts were subjected to 1000 runs of potential cycling 
between 0.87 and 0.4 V at a scan rate of 0.2 Vs-1 in an oxygen-saturated 0.5 M H2SO4 with no 
electrode rotation and the maintenance of oxygen flow to the electrolyte. After the thousandth 
cycle, 3 CVs were recorded in nitrogen under similar conditions to those at the start of the 
experiment. The results were evaluated by comparing ECSA values obtained before and after 
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the potential cycling. Figure 44 shows the initial and final CVs obtained for PdIr/C along with 
those from the commercial palladium and platinum catalysts (Figures 45 and 46).  
 
Figure 44: Cyclic voltammograms obtained for the PdIr/C catalyst before and after ORR 
degradation recorded at 20 mVs-1 in N2-saturated H2SO4. 
For PdIr/C, the CV recorded after the potential cycling shows a decreased of the peaks related 
to hydrogen adsorption and desorption as well as surface oxide formation and surface oxide-
reduction. This observation is indicative of a reduction in the electrochemical surface area. In 
literature, loss of ECSA has been attributed to an increase in particle size resulting from 
agglomeration [62, 153, 186]. The ECSA of PdIr/C after degradation was found to be 52 % of 
its initial value. This is a milder degradation in comparison to the stability test of potential 
cycling from 0.05 to 1.2 V where the same catalyst could retain only 31 %.  
     
Figure 45: Cyclic voltammograms obtained for the commercial Pd/C catalyst before and after 
ORR degradation recorded at 20 mVs-1 in N2-saturated H2SO4.  
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In comparison to PdIr/C, the commercial palladium catalyst showed a similar decrease in the 
hydrogen adsorption and desorption as well as palladium-oxide formation and reduction peaks. 
In addition to this, a shift to a higher potential value for the oxide-reduction peak; usually 
associated with particle size increase was observed. The ECSA obtained from the CV after 
degradation was 18 % of its initial value; indicating an increase in particle size for palladium 
during cycling. 
                   
Figure 46: Cyclic voltammograms obtained for the commercial Pt/C catalyst before and after 
ORR degradation recorded at 20 mVs-1 in N2-saturated H2SO4. 
In contrast to PdIr/C and PdCOM, the commercial platinum catalyst retained 99 % of its initial 
ECSA after the ORR degradation test. Therefore, it was concluded that no significant changes 
to platinum’s particle size occurred during the potential cycling. 
TEM analysis was done for PdIr/C, PdCOM and PtCOM after the ORR degradation so as to 
investigate the effect of repeated ORR cycles on the morphology of the catalysts. This was done 
by collecting the catalysts’ particles from the working electrode after the electrochemical ORR 
degradation experiment was completed. The representative micrographs shown below in 
Figures 47 and 48 compares the initial morphology of the catalysts as prepared and received 
with their final morphology after the ORR degradation test. It was observed that all three 
catalysts initially had good dispersion of nanoparticles on the carbon support without much 
agglomeration.   
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Table 13: Percentages of ECSA retained after nitrogen potential cycling, metallic Pd0 retained, 
chronoamperometric current retained and ECSA retained after ORR degradation in oxygen 
obtained for PdIr/C, PdIrAu/C, Pd/C, commercial Pd/C and Pt/C catalysts. 
Catalyst % of ECSA 
retained after 
potential 
cycling (0.05 
to 1.2 V in N2) 
% XPS’ Pd0 
retained after 
potential 
cycling 
% of current 
retained from 
chronoamperometry 
% of ECSA 
retained after 
degradation 
(0.87 to 0.4 V in 
O2) 
PdIr/C 31 20 18 56 
PdIrAu/C 38 28 25 - 
Pd/C 22 - 16 - 
PdCOM 9 12 13 18 
PtCOM 98 - 63 99 
 
 
Figure 47: TEM image obtained for PdIr/C before and after the ORR degradation in oxygen. 
The TEM image obtained for PdIr/C after the ORR degradation revealed an overall lower 
particle density on the carbon support. It was also observed that after the test, there were fewer 
individual nanoparticles as well as a higher number of larger-sized and agglomerated particles 
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on the support. This was thought to be due to particles near one another coalescing and 
increasing in size during ORR degradation. 
 
Figure 48: TEM image obtained for commercial Pd/C before and after the ORR degradation 
in oxygen. 
For the commercial Pd/C, fewer individual nanoparticles as well as larger agglomerates and 
areas with depleted number of particles were observed. Detachment of particles from the 
support can result from a weaker interaction between the particles and support. A comparison 
between the micrographs obtained for PdIr/C and commercial Pd/C suggests a more extensive 
change in morphology to the commercial palladium catalyst. This corroborates the observed 
ECSA retention of 18 % and 56 % for PdCOM and PdIr/C respectively. The higher stability of 
PdIr/C is indicative of a stronger interaction between the palladium-iridium particles with the 
carbon support compared to the interaction between palladium particles and the carbon support. 
The interaction of palladium and iridium has been reported to improve dispersion on carbon as 
a result of Pd-Ir bonds lowering the surface energy of the metal particles and hence preventing 
their aggregation [184]. 
In contrast to the commercial Pt/C, PdIr/C and commercial Pd/C showed significant changes in 
the catalysts’ morphology after the degradation experiment. This indicates the platinum catalyst 
was more resistant to surface modification than the palladium-based ones. There was no 
measurable change in morphology and particle sizes in the platinum catalyst after the 1000 
cycles. This is unsurprising as measurable platinum degradation is usually observed when 
cycling at potentials higher than the 0.87 V upper limit used for this study [187, 188]. 
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Figure 49: TEM image obtained for commercial Pt/C before and after the ORR degradation in 
oxygen. 
From the micrographs, the loss of ECSA and activity for commercial Pd/C and PdIr/C was 
qualitatively attributed to particle detachment and subsequent agglomeration. However, this 
analysis is limited as it is only representative and does not take into account other degradation 
mechanisms operating on the catalysts. A more thorough technique such as identical location 
transmission electron microscopy would be able to monitor identical areas on a micrograph 
before and after the experiment so as to elucidate the exact degradation mechanism of the 
catalysts [188]. 
4.14 Conclusions 
Carbon-supported palladium-iridium and palladium-iridium-gold catalysts were successfully 
synthesised by a polyol method in ethylene glycol. The average particle sizes were 5.2 and 4.8 
nm for PdIr/C and PdIrAu/C catalysts respectively. XRD and XPS analyses revealed an alloying 
interaction between palladium and iridium. Electrochemical characterisation showed similar 
CV profiles for PdIr/C and PdIrAu/C. These CVs revealed significant changes to the palladium 
CV upon alloying with iridium. The surface oxide formation on the iridium-containing catalysts 
started at a much lower potential (0.55 V) than on Pd/C (0.75 V). On the reverse scan, oxide 
reduction peak for PdIr/C and PdIrAu/C catalysts shifted to a lower potential (0.61 V from 0.7 
V). The electrochemical surface areas obtained were 7.6, 8.2 and 15.5 m2g-1 for the PdIr/C, 
PdIrAu/C and Pd/C catalysts respectively. 
 Linear sweep voltammograms showed onset potentials of 0.87, 0.87, 0.87 and 0.89 V for 
PdIr/C, PdIrAu/C, prepared Pd/C and commercial Pd/C catalysts respectively. Koutecky-
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Levich analysis was used to calculate kinetic current and hence specific and mass activities of 
the catalysts. Specific activities obtained at 0.67 V were 0.23, 0.29 and 2.41 mAcm-2 for PdIr/C, 
PdIrAu/C and commercial Pt/C respectively. In comparison to PdIr/C, the enhanced activity of 
PdIrAu/C was attributed to its smaller average particle sizes. Tafel analyses showed that PdIr/C 
and PdIrAu/C exhibited slope values around 90 and 120 mVdecade-1 in the low and high current 
density regions respectively. This Tafel behaviour was different to that observed on the Pd/C 
catalysts; suggesting iridium alloying modified palladium’s electronic behaviour and its 
adsorption interaction with oxygen intermediates. Exchange current densities calculated were 
in the order of order of 10-13; about one order in magnitude lower than values obtained for Pd/C 
catalysts (10-12) at the lower Tafel slope. The peroxide yield for the palladium-iridium catalysts 
were similar to platinum’s and about half the amount for detected for Pd/C catalysts.  
Potential cycling from 0.05 to 1.2 V over 100 cycles revealed significant ECSA loss of 69 and 
61 % for PdIr/C and PdIrAu/C respectively. These results demonstrate the relatively higher 
stability of the palladium-iridium catalysts in comparison to prepared and commercial Pd/C that 
lost 78 and 91 % of their initial ECSA values respectively when subjected to the same potential 
cycling tests. XPS analysis done on catalysts after the potential cycling test revealed increased 
relative amounts of oxidised surface palladium species.  PdIr/C and PdIrAu/C were observed 
to have retained higher percentages of metallic Pd0 (20 and 28 % respectively) than the 
commercial Pd/C catalyst (12 %). This suggested that the electronic interaction between 
palladium and iridium was able to modify palladium’s properties and increase its resistance to 
surface oxidation. 
 Similar trends in stability data of the catalysts were obtained when catalysts were subjected to 
chronoamperometry. PdIr/C and commercial Pd/C were found to have retained a higher 
percentage of their initial ECSA (56 and 18 % respectively) after the milder ORR degradation 
test of 1000 runs of potential cycling between 0.87 and 0.4 V. This indicates that catalysts’ 
exposure to high anodic potentials was a more significant factor in ECSA loss than the number 
of cycles recorded. TEM analysis done after the mild ORR degradation revealed agglomeration 
and particle size increase as the cause of ECSA loss. In comparison to the commercial Pd/C, 
the extent of agglomeration and particle size increase was lower for PdIr/C; corroborating the 
lower loss of ECSA observed for it.   
From these results, the alloying of iridium with palladium was found to beneficial to improving 
palladium’s stability in acid media due to a modification in palladium’s interaction with 
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oxygenated species. However, a reduction in activity was also observed; indicating further 
research is needed into increasing the activity of the palladium-iridium alloys. 
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Chapter 5. TiO2-C and WO3-C Supported Palladium-Iridium Particles as 
Oxygen Reduction Catalysts 
5.1 Introduction 
Although carbon blacks are the most commonly used support material for oxygen reduction 
catalysts, they suffer from electrochemical corrosion at potentials above 0.9 V [189]. Corrosion 
of the support results in detachment and agglomeration of the detached metal nanoparticles; 
leading to a loss of electrochemical surface area and an overall degradation in activity. 
Therefore, transition metal oxides especially titanium oxides and tungsten oxides with their 
abundant availability, low prices, high stability and corrosion-resistance have been explored as 
possible alternatives to carbon black supports [190-194]. 
 Titanium and tungsten in TiO2 and WO3 are present in their highest oxidation states of +4 and 
+6 respectively and so do not readily lose additional electrons to become further oxidised. In 
comparison to a carbon-based support, TiO2 and WO3 supports have been reported to have 
stronger interactions with the metal particles [194, 195]. This is interaction is called strong 
metal-metal oxide interaction (SMSI) in the literature. SMSI has been associated with 
prevention of metal particle agglomeration as well as modification of the metal’s electronic 
properties resulting in enhancement of activity and stability [196, 197].    
Huang et al. reported similar activity and enhanced stability for a platinum catalyst supported 
on carbon-doped TiO2, in comparison to platinum supported on carbon [198] in acidic media. 
They also reported a similar observation for a platinum-palladium supported on carbon-doped 
TiO2 catalyst [199]. The authors attributed the enhanced stabilities to the presence of TiO2 in 
the support minimizing carbon corrosion and loss of electrochemical surface area in the 
catalysts. 
In contrast to a prepared sample of Pt/C, dealloyed platinum-copper supported on TiO2 have 
been reported to have a significant increase in ORR activity as well exceptional stability. The 
authors observed a current density of 4.0 and 2.0 mAcm-2 on dealloyed PtCu/TiO2 and Pt/C at 
0.9 V respectively. They also observed an absence of noticeable particle size increase with 
potential cycling. Strong electronic interactions between the dealloyed platinum-copper and the 
TiO2 support was discussed as the reason for the enhancement in activity and stability [89].  
XPS studies of platinum electrochemically deposited on TiO2 revealed that the support had a 
strong interaction with the electronic structure of the platinum and this modification influenced 
the observed ORR activity [200].  Estudillo-Wong et al. [192] reported palladium supported on 
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TiO2/C hybrid materials as displaying enhanced activities for methanol oxidation in comparison 
to conventional Pd/C This enhancement was attributed to a strong metal-metal oxide interaction 
between palladium and TiO2. This interaction was deduced from a decrease in lattice parameter 
from the XRD analysis. 
Fu et al. [201] reported enhanced ORR activity for platinum and palladium deposited on hybrid 
TiO2 nanotubes on titanium support, compared to similar nanoparticles supported on carbon. 
The authors attributed the activity enhancement to strong interactions between the metal 
nanoparticles and the TiO2 leading to a favourable change in adsorption energy of intermediate 
oxygen species during the oxygen reduction reaction. It is of interest to note that the ORR 
enhancement was greater for the Pd/TiO2/Ti than the Pt/TiO2/Ti; suggesting that the strong 
metal-metal oxide interaction between palladium and TiO2 is more favourable for ORR than 
that of platinum and TiO2. Although the authors observed an activity enhancement for the 
platinum and palladium supported on TiO2/Ti compared similarly-prepared particles supported 
on carbon; their activities were much lower than those of the commercial Pd/C and Pt/C. 
Stabilities of these catalysts were not discussed.   
Similarly, tungsten is a metal with some potential uses fuel cells. Tungsten-based materials 
have been reported and tested as catalysts as well as supports in fuel cell studies. For instance; 
Goddard et al. calculated and found that Pd3W could be a good catalyst for ORR as it had a 
desirable d-band centre[202]. Bard et al. [203] reported that a palladium-tungsten catalyst (30% 
W) showed a ten-fold increase in activity in order of 10-3 Acm-2 compared to a palladium 
catalyst (10-4 A cm-2) at 0.85 V. This catalyst also exhibited good stability when held at a voltage 
of 0.55 V for 3 days in 0.5 M H2SO4. 
Palladium supported on a tungsten-based bimetallic carbide (Co3W3C) was reported to 
demonstrate good activity was well as stability in acidic environment [204]. Although a lower 
onset than platinum was obtained for this catalyst, its half-wave potential was 20 mV and 90 
mV higher than Pt/C’s and Pd/C’s respectively. The improved activity was attributed to a 
synergetic effect of the support donating electron density to palladium. The stability of the 
catalyst was investigated by cycling between 0.6 and 1.2 V in oxygen for 1000 cycles. The 
catalyst retained 93 % of its activity while Pt/C retained 82 %. The stability of the catalyst was 
attributed to the support’s improved stability over carbon. 
Yan et al. [197] observed an improvement in ORR mass activity (174.6 mAmg−1 ) of platinum 
supported on carbon-tungsten oxide composite compared to Pt/C (98.6 mAmg−1 ) at 0.9 V in 
acid. The carbon-tungsten oxide-supported catalyst also had higher stability; these 
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improvements were attributed to a strong interaction between platinum and WO3 modifying the 
electronic properties of platinum.  
Palladium supported on WO3-C hybrid materials has been reported to have high ORR activity 
comparable to commercial Pt/C [194] in acid. A shift relative in the Pd 3d binding energy was 
observed in the XPS of the Pd 3d of the Pd/WO3-C compared to Pd/C; leading to the conclusion 
of a ‘strong metal-metal oxide’ interaction between the palladium and the WO3-C support. The 
authors attributed the improved activity to small particles, uniform dispersion as well as a strong 
interaction between palladium and WO3 leading to formation of tungsten bronze; enhancing 
ORR. The catalysts’ stabilities were not evaluated.  
The literature suggests the addition of titanium and tungsten-based materials could be beneficial 
to improving catalysts’ ORR activities and stabilities. The most stable oxides (TiO2 and WO3) 
were chosen for use in this study as supports. Although they are both semi-conductors [205, 
206] with lower conductivity than carbon blacks, the addition of Vulcan increases overall 
conductivity of the supports.  
5.2 Preparation of the Titanium and Tungsten Oxide-Carbon Composites. 
Titanium t-butoxide was added to 750 mg of Vulcan powder. 10 ml of hydrogen peroxide was 
added slowly, and the mixture was kept at room temperature until it dried.  
Phosphotungstic acid solution was added to 750 mg of Vulcan powder. This mixture was stirred 
for 48 hours at room temperature. The suspension was centrifuged to remove excess 
phosphotungstic acid. The obtained powder was dried in the oven overnight. 
Both samples were heat-treated at 600°C under nitrogen to obtain the titanium oxide-carbon 
and tungsten oxide-carbon composites. The obtained composites were then used as catalyst 
support for palladium-iridium nanoparticles.  
5.2.1 Synthesis of Palladium-Iridium Nanoparticles on Titanium and Tungsten Oxide-
Carbon Composites 
To prepare each catalyst, appropriate amounts of (NH4)2PdCl4 and IrCl3.3H2O were dissolved 
in 10 mL sodium citrate solution to obtain a 1:1 palladium: iridium composition. This mixture 
was added dropwise to a heated flask containing a nitrogen-saturated sonicated suspension of 
200 mg composite support (TiO2-C or WO3-C) in 75 mL ethylene glycol at 140 °C. The reaction 
was maintained at this temperature for 3 hours. The solution was allowed to cool down naturally 
and each catalyst was separated from the reaction solution by centrifuging. Catalyst was 
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extensively washed with deionised water and ethanol. Catalyst was dried at 80 °C in the oven 
overnight and ground with a mortar. Catalysts were denoted PdIr/TiO2-C and PdIr/WO3-C 
based on the support used.   
Palladium-iridium catalyst (PdIr/C) prepared and discussed in previous chapter (Chapter 4) will 
be used for comparison purposes. 
5.3 X-ray Diffraction (XRD) Analysis of Palladium-Iridium Catalysts Supported on TiO2-
C and WO3-C 
The X-ray diffraction patterns of the palladium-iridium nanoparticles supported on TiO2-C, 
WO3-C and Vulcan are shown in Figure 50. The broad peak at 25° was assigned to carbon for 
all catalysts. In the case of the PdIr/TiO2-C, a TiO2 reflection overlaps with it making it appear 
sharper. 
All three catalysts showed diffraction peaks at 2θ values of ca. 40.1°, 46.5°, 68.2° and 81.9° 
corresponding to the (111), (200), (220), and (311) crystal planes of palladium respectively. 
Although no peaks relating to iridium or iridium oxide were observed, slight shift towards 
higher 2θ angles was noted for all catalysts as discussed for PdIr/C in Chapter 4. In comparison 
to PdIr/C, the Pd diffraction peaks on PdIr/TiO2-C and PdIr/WO3-C were at higher Bragg angles. 
This observation suggests an interaction between palladium and the oxides. A similar 
observation has been reported and attributed to an electronic interaction between palladium and 
TiO2 [195, 207] and between palladium and WO3 [194, 208].     
For PdIr/TiO2-C, additional peaks were seen at 25.3°, 27.4° 54.5°and 70.1°. These peaks 
corresponded to the anatase form of TiO2. Also, the Scherrer equation could not be used for 
estimation of crystallite size due to peak overlap between TiO2 and Pd at 68°.  
For PdIr/WO3-C, additional peaks were seen at 23.6°, 33.5°, 48.1°, 54.2°, 59.9° and 75.4° 
corresponding to the (200), (220), (400), (024), (422) and (442) crystal planes of H0.53WO3; 
hydrogen tungsten oxide [209]. The average crystallite size was estimated from the full-width 
at half maximum of the (220) peak using the Scherrer equation. The calculated size was 3.8 nm. 
81 
 
                  
Figure 50: X-ray diffraction patterns obtained for PdIr/TiO2-C, PdIr/WO3-C and PdIr/C 
catalysts. Reflections labelled ‘c, ‘Ti’ and ‘W’ correspond to carbon, titanium oxide and 
tungsten oxide respectively. 
5.4 TEM and EDX Characterisation of Palladium-Iridium Catalysts Supported on TiO2-
C and WO3-C 
 The obtained images for PdIr/TiO2-C and PdIr/WO3-C are shown in Figures 51, 52 and 53.  
For PdIr/TiO2-C spherical metal particles were uniformly distributed on the support without 
much agglomeration.  
A high-resolution image of single nanoparticles on PdIr/TiO2-C is shown below in Figure 52. 
The image shows a palladium particle closely associated with a TiO2 particle; further supporting 
the XRD data suggesting interaction between the metal particles and the TiO2. Fast Fourier 
transform was used to measure the lattice space. The larger particle had a lattice spacing of 0.35 
nm corresponding to anatase TiO2 [210] and the smaller particle was identified as palladium.  
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Figure 51: TEM image for PdIr/TiO2-C and its corresponding particle size distribution. 
   
Figure 52: High resolution image obtained for PdIr/TiO2-C showing lattice planes and the 
close interaction between palladium and TiO2.  
The obtained images for PdIr/WO3-C showed many small spherical metal particles were poorly-
dispersed on the support; with some areas having high and others having a much lower particle 
density. Also, a rod-like shape identified by in-situ EDX analysis as tungsten oxide was present. 
Two regions were generally identified on the catalyst; agglomeration of particles close to the 
rod-like WO3 and agglomeration of particles on the carbon support.  Due to this agglomeration, 
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the particle size distribution could not be obtained for PdIr/WO3-C. However, some individual 
particles sizes were measured from particles found outside of the agglomerate.  
 
Figure 53: TEM image obtained for PdIr/WO3-C showing agglomeration. 
The agglomeration was thought to be due to the use of phosphotungstic acid used in the 
synthesis of WO3-C support. To synthesise the support, Vulcan was treated with 
phosphotungstic acid. This acid modified the Vulcan surface and resulted in a more hydrophilic 
support. The hydrophilic nature of the support could result in the metal nanoparticles being 
deposited and anchored onto local regions with higher concentration of WO3.  Kumar et al. 
[148] observed agglomeration of palladium nanoparticles supported on Vulcan that had been 
pre-treated with HNO3 in comparison with those supported on untreated Vulcan. They reported 
that the oxidative HNO3 pre-treatment of Vulcan led to a breakdown of the neighbouring 
micropore walls and merged them into larger dimensions that favoured the formation of patches 
of agglomerated palladium. The authors attributed the agglomeration to a lower surface area 
and micropore volume on the acid-functionalized support. Therefore, the low particle 
dispersion and agglomeration observed in TEM images for PdIr/WO3-C was attributed to 
phosphotungstic acid’s oxidation of the Vulcan.  
It was observed that PdIr/TiO2-C and PdIr/WO3-C had smaller particle sizes than PdIr/C. This 
was attributed to a stronger interaction between the carbon-oxide support and metal particles 
than metal particles and carbon. The EDX measurement as shown in Table 14 indicated a 
slightly higher than the expected average weight percentages of palladium and iridium for 
PdIr/WO3-C. This was thought to be due to the catalyst’s low dispersion of particles on the 
support resulting in widely varying particle weight averages measured.  
84 
 
Table 14:  EDX metal weight averages, average particle sizes estimated from TEM Analysis 
for PdIr/TiO2-C, PdIr/WO3-C and PdIr/C catalysts. 
Catalyst XRD Estimated 
Crystallite Size (nm) 
TEM Particle Size 
(nm) 
EDX Metal Average 
 
Pd (% wt.) Ir (% wt.)  
PdIr/TiO2-C - 4.2 10.7 10.9 
PdIr/WO3-C 3.8 4.5 12.3 11.8 
PdIr/C 5.6 5.2 10.8 9.6 
 
5.5 X-ray Photoelectron Spectroscopy (XPS) Analysis of Palladium-Iridium Catalysts 
Supported on TiO2-C and WO3-C 
XPS was used to analyse the oxidation states and surface composition of the carbon supported 
metals. For PdIr/TiO2-C, the Pd 3d XPS spectrum was characterized by three pairs of Pd 3d 
peaks corresponding to metallic Pd0, palladium with oxygen adsorbed (PdOads) and palladium 
II oxide respectively (PdO); similar to peaks observed for PdIr/C.   
In contrast to PdIr/TiO2-C and PdIr/C, the Pd 3d XPS spectrum for PdIr/WO3-C was 
characterized by two pairs of Pd 3d peaks corresponding to metallic Pd0 and palladium II oxide 
respectively (PdO). This suggests that the presence of WO3 in the catalyst modified the 
adsorption of oxygen on palladium in a manner different to TiO2.  
In addition, a downward shift was noticed in the binding energy of the metallic Pd0 from 335.6 
eV to 335. 4 eV for PdIr/TiO2-C and PdIr/WO3-C when compared with PdIr/C; suggesting an 
interaction between the metal oxides and palladium. Similar shifts in binding energies have 
been reported and attributed to strong metal-metal oxide interaction (SMSI) in literature [196, 
211]. This XPS data indicating the presence of metal-metal oxide interaction is consistent 
results from the TEM and XRD analyses.   
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Figure 54: Pd 3d, (labelled a) Ir 4f (labelled b) and Ti 2p (labelled c) XPS Spectra obtained 
for the PdIr/TiO2-C catalyst. 
The Ti 2p XPS spectrum showed the presence of a single component identified as TiO2 [212]. 
 
Figure 55: Pd 3d (labelled a), Ir 4f (labelled b) and W 4f (labelled c) XPS Spectra obtained 
for the PdIr/WO3-C catalyst. 
The W 4f spectrum showed the presence of 2 components identified as WO3 and W2O5 [213] 
with a relatively higher proportion of WO3 to W2O5.  
5.6 Cyclic Voltammetry (CV) Characterisation of Palladium-Iridium Catalysts 
Supported on TiO2-C and WO3-C  
Cyclic voltammograms recorded for PdIr/TiO2-C, PdIr/WO3-C and PdIr/C at a scan rate of 20 
mVs-1 in nitrogen between 0.05 and 1.21 V are shown in Figure 56 below. The CVs obtained 
for PdIr/TiO2-C and PdIr/WO3-C were similar in shape to that of PdIr/C indicating that the three 
catalysts undergo similar redox processes; the electrochemical features seen were from 
palladium-iridium nanoparticles. The absence of redox features from TiO2 and WO3 in 
PdIr/TiO2-C and PdIr/WO3-C was because the main electrochemical processes for TiO2 [214] 
and WO3 [215] do not occur at the potential range used in this experiment (0.05 to 1.2 V). 
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 Figure 56: Cyclic voltammograms for PdIr/TiO2-C, PdIr/WO3-C and PdIr/C catalysts in N2 
saturated 0.5 M H2SO4 at scan rate 20 mVs
-1. 
Electrochemical surface area (ECSA) was calculated for the three catalysts by quantification of 
charge under the palladium-oxide reduction peak. The ECSA values obtained were 7.6, 10.8 
and 6.1 m2g-1 for the PdIr/C, PdIr/TiO2-C and PdIr/WO3-C catalysts respectively. 
5.7 Oxygen Reduction Activity Studies of Palladium-Iridium Catalysts Supported on 
TiO2-C and WO3-C 
Activity of PdIr/TiO2-C and PdIr/WO3-C were evaluated from data obtained from linear sweep 
voltammograms recorded from a potential 30 mV higher than onset potential to 0.2 V at a scan 
rate of 5 mVs-1 in oxygen-saturated 0.5 M H2SO4.  
 
Figure 57: Linear sweep voltammograms obtained for PdIr/TiO2-C, PdIr/WO3-C and PdIr/C 
compared with commercial Pd/C and Pt/C at 900 rpm and a scan rate of 5 mVs-1.                                                          
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Figure 57 compares linear voltammograms recorded for the prepared PdIr/TiO2-C and 
PdIr/WO3-C catalysts with PdIr/C, commercial 20 % Pd and 20 % Pt (PdCOM and PtCOM) 
recorded under similar conditions at a rotation rate of 900 rpm. It can be seen that the 
commercial Pt/C and Pd/C catalysts had the highest activity. In comparison to PdIr/C, 
PdIr/TiO2-C exhibited higher activity while PdIr/WO3-C had a lower activity. The higher 
activity of PdIr/TiO2-C was attributed to its smaller particle sizes as well as a favourable 
interaction between the TiO2 and the metal particles. Choi et al. [216] reported an enhancement 
in ORR activity when they modified a Pd/C catalyst with TiO2. The lower activity observed 
with PdIr/WO3-C was attributed to the low dispersion of the metal particles on the WO3-C 
support as seen in the TEM micrographs.   
5.8 Koutecky-Levich Analysis on Palladium-Iridium Catalysts Supported on TiO2-C and 
WO3-C 
Linear sweep voltammograms recorded for PdIr/C, PdIr/TiO2-C and PdIr/WO3-C at rotation 
rates of 400, 625, 900, 1225 and 1600 rpm were used for a Koutecky-Levich plot in order to 
evaluate and compare catalyst activities.  Figure 58 shows the plot obtained for the three 
catalysts at a potential of 0.67 V. 
 
Figure 58: Koutecky-Levich plots obtained for PdIr/C, PdIr/TiO2-C and PdIr/WO3-C 
catalysts. 
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Table 15: Kinetic parameters obtained for PdIr/TiO2-C, PdIr/WO3-C and PdIr/C catalysts. 
Catalyst Kinetic current at 
0.67 V (mA) 
Specific Activity at 
0.67 V (mAcm-2) 
Mass Activity at 
0.67 V (Agmetal
-1) 
PdIr/C 0.47 0.23 86.48 
PdIr/TiO2-C 0.99 0.52 180.51 
PdIr/WO3-C 0.36 0.19 65.21 
 
From the values obtained from the Koutecky-Levich plots in table, PdIr/TiO2-C had the highest 
activity. It had a specific activity nearly twice the magnitude of the value obtained for PdIr/C 
at 0.67 V. This suggests that the use of titanium oxide-carbon composite support for palladium-
iridium nanoparticles can improve its ORR activity. PdIr/WO3-C had a specific activity about 
one and half times lower than the specific activity of the PdIr/C at 0.67 V. This was thought to 
be due to particle agglomeration and its lower ECSA.  
5.9 Tafel Analysis on Palladium-Iridium Catalysts Supported on TiO2-C and WO3-C 
Tafel analysis was used in evaluating the activity of the catalysts to quantify the rate of increase 
in overpotential with current density.  Data points for the Tafel plots (Figure 59) were taken 
from the recorded LSVs for the catalysts at 400 rpm at scan rate 5 mVs-1. A mass transport 
effect correction was applied to the current density. The Tafel slope and exchange current 
density values calculated for each catalyst are shown in Table 16.  
 
Figure 59: Tafel slopes for PdIr/TiO2-C (2 slopes in black), PdIr/WO3-C (single slope in yellow) 
and PdIr/C (2 slopes in blue). 
0.55
0.6
0.65
0.7
0.75
0.8
0.85
-1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5
E 
/ 
V
 (
vs
 N
H
E)
log{(id*i)/ (id-i)}
PdIr/C
PdIr/TiO2-C
PdIr/WO3-C
PdIr/TiO2
PdIr/C
89 
 
Table 16: Tafel Slopes and exchange current density obtained for PdIr/TiO2-C, PdIr/WO3-C 
and PdIr/C catalysts. 
Catalyst Tafel Slope (mVdecade-1) Exchange Current Density  
(Acm-2) 
PdIr/C 89 2.8x10-13 
122 5.1x10-11 
PdIr/TiO2-C 86 9.2x10
-13 
120 0.9x10-10 
PdIr/WO3-C 121 2.4x10
-11 
 
In contrast to PdIr/C and PdIr/TiO2-C with similar Tafel behaviour and slopes (indicating a 
similarity in both catalysts’ ORR mechanism), PdIr/WO3-C exhibited a single Tafel slope of 
121 mVdecade-1. This observation was unexpected as palladium usually has a Tafel slope 
around 60 mVdecade-1 associated with ORR taking place on palladium with a high surface 
oxide coverage [139]. Since Tafel slope is determined by surface oxidation as a function of 
potential, the absence of this Tafel slope around 60 mVdecade-1 suggests that WO3 can inhibit 
the adsorption of oxygenated species on palladium during ORR. This Tafel behaviour of 
PdIr/WO3-C is in good agreement with a single Tafel slope of 122 mVdecade
-1 reported for a 
Pt/WO3 catalyst [213].  
5.10 Quantification of Hydrogen Peroxide Generated for Palladium-Iridium Catalysts 
Supported on TiO2-C and WO3-C 
The ring currents obtained for PdIr/TiO2-C and PdIr/WO3-C are shown below in Figure 60 
along with those obtained from PdIr/C, commercial palladium and commercial platinum 
catalysts at a rotation rate of 900 rpm. The percentage of peroxide produced during the ORR 
was quantified at 0.4 V. The percentage peroxide produced were 2.1 %, 2.6 %, 3.2 %, 5.3 % 
and 7.1 % for the commercial platinum, PdIr/C, PdIr/TiO2-/C, PdIr/WO3-C and commercial 
palladium catalysts respectively. In comparison to PdIr/C, peroxide yields were slightly higher 
for PdIr/TiO2-C and PdIr/WO3-C. This is consistent with observations of an increased peroxide 
yield on catalysts with oxide-based supports [217, 218]. 
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Figure 60: Ring currents obtained for PdIr/TiO2-C, PdIr/WO3-C, PdIr/C, commercial Pd/C 
and Pt/C catalysts at 900 rpm. 
5.11 Cyclic Voltammetry (CV) Stability Studies of Palladium-Iridium Catalysts 
Supported on TiO2-C and WO3-C 
Cyclic voltammetry was used to study the stability of PdIr/TiO2-C and PdIr/WO3-C catalysts 
in acid. This was done by recording 100 cyclic voltammograms for each catalyst at a scan rate 
of 100 mVs-1 from 0.05 to 1.2 V in nitrogen-saturated 0.5M H2SO4. The effect of potential 
cycling on the ECSA was monitored to provide information on catalyst stability. Figures 61 
and 62 show the first, tenth, fiftieth and hundredth cyclic voltammograms obtained for both 
catalysts. 
  
Figure 61: First, tenth, fiftieth and hundredth cyclic voltammograms for PdIr/WO3-C catalyst 
during 100 cycles recorded at 100 mVs-1. 
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Figure 62: First, tenth, fiftieth and hundredth cyclic voltammograms obtained for PdIr/TiO2-C 
catalyst during 100 cycles recorded at 100 mVs-1. 
From Figures 61 and 62, significant changes to the overall shape of the CVs were observed for 
both catalysts. These changes were similar to those observed and attributed to ECSA loss 
resulting from palladium oxidation and particle size increase in PdIr/C (as discussed in Chapter 
4). In comparison to PdIr/C (31%), PdIr/TiO2-C and PdIr/WO3-C retained higher percentages 
of their initial ECSA values; 56 % and 42 % respectively; suggesting the presence of tungsten 
oxide and titanium oxide in the support was beneficial to improving catalyst stability under 
potential cycling conditions.  
XPS analysis was done for PdIr/TiO2-C and PdIr/WO3-C catalysts after degradation by 
collecting the used catalysts’ particles from the working electrode. The results were compared 
with those obtained from the PdIr/C catalyst.  The images shown in Figures 63 and 64 are of 
the Pd 3d regions obtained for the fresh catalysts and after the catalysts’ degradation for 
PdIr/TiO2-C and PdIr/WO3-C respectively. 
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Figure 63: Pd 3d XPS Spectra obtained for PdIr/TiO2-C before (labelled a) and after 
potential cycling (labelled b).  
  
Figure 64: Pd 3d XPS Spectra obtained for PdIr/WO3-C before (labelled a) and after 
potential cycling (labelled b).  
From the TEM images, it can be observed that some changes occurred on the palladium surfaces 
of PdIr/TiO2-C and PdIr/WO3-C during the potential cycling; the catalysts showed a decrease 
in the relative ratio of the metallic Pd0 and an increase in the relative ratios of the oxidised 
species (PdOads and PdO). As discussed in previous chapter for PdIr/C, their loss of 
electrochemical surface area during potential cycling were attributed to an increase in the 
palladium surface oxidation as revealed by XPS analysis.  In comparison to PdIr/C that retained 
20 % from its initial ratio of metallic Pd0, PdIr/TiO2-C and PdIr/WO3-C retained higher 
percentages of 61 % and 45 % respectively. Their improved stabilities were attributed to a 
strong metal-metal oxide interaction and its ability to modify palladium’s electronic properties 
and hence making it more resistant to electrochemical oxidation. This is in agreement with 
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discussions from Shim [219] and Lewera [196] who observed a weakening of the adsorption 
strength of oxygenated species on a platinum surface as a result of modifying their platinum 
catalyst with WO3. A similar observation has been made for a palladium surface by Zhang [194].  
Although both oxide-modified catalysts (PdIr/TiO2-C and PdIr/WO3-C) showed enhanced 
stability relative to Vulcan-supported PdIr/C, the TiO2-containing catalyst (PdIr/TiO2-C) 
showed a better stability than the WO3 containing PdIr/WO3-C. This difference in stabilities 
could be a result of TiO2 being more electrochemically stable than WO3. TiO2 is not redox-
active in this study’s potential range of interest (0.05 to 1.2 V) and it has been suggested that 
WO3 can undergo the formation of acid-soluble hydrogen tungsten bronze species between 0.08 
and 0.22 V [220]. This can lead to a gradual loss of the initially-observed stabilising effect of 
SMSI on palladium [213] in PdIr/WO3-C. Therefore, an overall higher enhancement in stability 
during potential cycling was observed for the PdIr/TiO2-C catalyst.  
 
Figure 65: Ti 2p XPS Spectra obtained for PdIr/TiO2-C before (labelled a) and after potential 
cycling (labelled b).  
Figure 65 compares the Ti 2p XPS spectra obtained for PdIr/TiO2-C before and after the 
potential cycling. This showed that no changes to the component or binding energy of TiO2 was 
observed; it indicates that TiO2 remained stable and demonstrated excellent stability during the 
potential cycling experiment.  
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Figure 66: W 4f XPS Spectra obtained for PdIr/WO3-C before (labelled a) and after potential 
cycling (labelled b).  
Figure 66 compares the W 4f XPS spectra obtained for PdIr/WO3-C before and after the 
potential cycling. These spectra showed that there was an increase in the relative ratios of W2O5 
(W5+) to WO3 (W
6+) during the potential cycling. This suggests that potential cycling was 
associated with a reduction process in WO3, thereby reducing its stability and the overall 
stability that was gained via the strong metal-metal oxide interaction between palladium-
iridium particles and WO3. A similar observation was reported by Liu et al. for a Pt/WO3 
catalyst after a potential cycling degradation test [213].   
5.12 Chronoamperometry Studies of Palladium-Iridium Catalysts Supported on TiO2-C 
and WO3-C 
The stability of PdIr/WO3-C and PdIr/TiO2-C were evaluated using chronoamperometry. The 
holding potential each catalyst’s half-wave potential. Current was monitored over two hours at 
a rotation rate of 900 rpm. The obtained current-time plots are shown along with results 
obtained from PdIr/C, commercial palladium and platinum catalysts in Figure 67. The plots 
show a normalized current, where 100% is the initial current at 10 seconds for each catalyst.  
From Figure 67 below, a steady decay of current was observed for all catalysts. Percentages of 
ORR current retained were 29 %, 38 %, 18 %, 13 % and 63 % for PdIr/WO3-C, PdIr/TiO2-C, 
PdIr/C, PdCOM and PtCOM catalysts respectively. The commercial platinum, followed by 
PdIr/TiO2-C exhibited the highest stability. This is in good agreement with the trend observed 
in the potential cycling test monitoring the ECSA loss during the cycling.  
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Figure 67: Chronoamperometric response curves obtained for PdIr/TiO2-C, PdIr/WO3-C, 
PdIr/C, commercial Pd/C and Pt/C normalised to each catalyst’s initial current. 
5.13 ORR Degradation Studies on Palladium-Iridium Catalysts Supported on TiO2-C and 
WO3-C 
A degradation test was done to evaluate catalysts’ stabilities and quantify the loss of activity 
during ORR for PdIr/WO3-C and PdIr/TiO2-C. The degradation was done through potential 
cycling between 0.87 V to 0.4 V. These potentials were selected for use to limit the effect of 
electrochemical processes involving palladium oxidation. At the start of the experiment, 3 
cyclic voltammograms were recorded in a nitrogen-saturated 0.5 M H2SO4 from 0.05 to 1.2 V 
at a scan rate of 20 mVs-1 to determine the ECSA of the catalyst. After the CVs were recorded, 
the catalysts were subjected to 1000 cycles of potential cycling between 0.87 and 0.4 V at a 
scan rate of 0.2 Vs-1 in an oxygen-saturated 0.5 M H2SO4 with no electrode rotation and the 
maintenance of oxygen flow to the electrolyte. After the thousandth cycle, 3 CVs were recorded 
in nitrogen under similar conditions to those at the start of the experiment. The results were 
evaluated by comparing ECSA values obtained before and after the potential cycling. The 
results were also compared with those obtained for PdIr/C.  Figures 68 and 69 shows the initial 
and final CVs obtained for PdIr/WO3-C and PdIr/TiO2-C catalysts.  
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Figure 68: Cyclic voltammograms obtained for the PdIr/WO3-C catalyst before and after ORR 
degradation recorded at 20 mVs-1 in N2-saturated H2SO4. 
 
 
Figure 69: Cyclic voltammograms obtained for the PdIr/TiO2-C catalyst before and after ORR 
degradation recorded at 20 mVs-1 in N2-saturated H2SO4.  
The CVs recorded for both catalysts after the potential cycling showed a decrease in intensity 
of the peaks related to hydrogen adsorption and desorption as well as surface oxide formation 
and surface oxide-reduction. In addition to this, a shift to a higher potential value for the oxide-
reduction peak; usually associated with particle size increase was observed. This observation is 
indicative of a reduction in the electrochemical surface area resulting from particle 
agglomeration. The observations are similar to those obtained for PdIr/C.  The ECSA of 
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PdIr/WO3-C and PdIr/TiO2-C after degradation were found to be 68 % and 79 % of their initial 
values. These catalysts display higher stability than PdIr/C that retained 52 % of its initial ECSA.  
Table 17: Percentages of ECSA retained after nitrogen potential cycling, metallic Pd0 retained, 
chronoamperometric current retained and ECSA retained after ORR degradation in oxygen 
obtained for PdIr/C, PdIr/TiO2-C, PdIr/WO3-C, commercial Pd/C and Pt/C catalysts. 
Catalyst % of ECSA 
retained after 
potential 
cycling (0.05 
to 1.2 V in N2) 
% XPS’ Pd0 
retained after 
potential 
cycling 
% of current 
retained from 
chronoamperometry 
% of ECSA 
retained after 
degradation (0.87 
to 0.4 V in O2) 
PdIr/TiO2-C 56 61 38 79 
PdIr/WO3-C 42 45 29 68 
PdIr/C 31 20 18 56 
 
TEM analysis was done for PdIr/TiO2-C after the degradation by collecting the used catalyst 
particles from the working electrode after the ORR degradation experiment was completed. The 
results obtained were compared with PdIr/C so as further investigate the effect of the presence 
of TiO2 in the catalyst. The representative micrographs shown in Figures 70 and 71 compares 
the initial morphology of PdIr/C and PdIr/TiO2-C as prepared with their final morphology after 
the ORR degradation test.   
Figure 70: TEM image obtained for PdIr/C before and after the ORR degradation in oxygen. 
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As discussed in the previous chapter, the TEM image obtained for PdIr/C after the ORR 
degradation revealed an overall lower particle density as well as larger particles on the carbon 
support.  
 
Figure 71: TEM image obtained for PdIr/TiO2-C before and after the ORR degradation in 
oxygen. 
For PdIr/TiO2-C, only a small increase in particle size was observed. Overall, the catalyst was 
able to maintain a fairly similar particle density and dispersion on the support. A comparison 
between the micrographs obtained for PdIr/C and PdIr/TiO2-C suggests a more extensive 
change in morphology to PdIr/C after ORR degradation. This corroborates the observed ECSA 
loss of 21 % and 48 % for PdIr/TiO2-C and PdIr/C respectively during the ORR degradation 
test. The higher stability of PdIr/TiO2-C is indicative of a stronger interaction between the 
palladium-iridium particles supported on the TiO2-Vulcan support than palladium-iridium 
supported purely on carbon. Strong metal-metal oxide interaction has been reported to be the 
reason for the reduced agglomeration of particles [196, 201]. Shih and Chang observed that the 
strong metal-metal oxide interaction between metal particles and TiO2 can anchor the particles 
more strongly and hence inhibit particle migration and agglomeration [221].  
5.14 Conclusions 
Palladium-iridium catalysts supported on metal oxide-carbon composites; TiO2-C and WO3-C 
were successfully synthesised by a polyol method in ethylene glycol. The average particle sizes 
were 4.2 and 4.5 nm for PdIr/TiO2-C and PdIr/WO3-C catalysts respectively. XRD and XPS 
analyses revealed an alloying interaction between palladium and iridium as well as interaction 
between the metal oxides in the support and the palladium. TEM images showed that PdIr/TiO2-
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C had a good dispersion of metal nanoparticles on the support while PdIr/WO3-C’s particles 
were poorly-dispersed on the support; with some areas having higher and others having a much 
lower particle density. 
Electrochemical characterisation showed similar CV profiles for PdIr/TiO2-C and PdIr/WO3-C; 
these CVs were comparable to a CV of PdIr/C. The ECSA values obtained were 7.6, 10.8 and 
6.1 m2g-1 for the PdIr/C, PdIr/TiO2-C and PdIr/WO3-C catalysts respectively. Koutecky-Levich 
analysis was used to calculate kinetic current and hence specific and mass activities of the 
catalysts. Specific activities obtained at 0.67 V were 0.23, 0.52 and 0.19 mAcm-2 for PdIr/C, 
PdIr/TiO2-C and PdIr/WO3-C catalysts respectively. In comparison to PdIr/C, the enhanced 
activity for PdIr/TiO2-C was attributed to its smaller particle sizes as well as a favourable 
interaction between the TiO2 and the metal particles. The reduced activity for PdIr/WO3-C was 
attributed to the low dispersion of the metal particles on the WO3-C support. Tafel analyses 
showed that PdIr/C and PdIr/TiO2-C exhibited 2 slopes with values around 90 and 120 
mVdecade-1 in the low and high current density regions respectively, while PdIr/WO3-C only 
had a single Tafel slope around 120 mVdecade-1. Since Tafel slope is determined by surface 
oxidation as a function of potential, the absence of the lower Tafel slope suggests that WO3 can 
inhibit the adsorption of oxygenated species on Pd during ORR. The peroxide yield for 
PdIr/TiO2-C and PdIr/WO3-C were slightly higher than PdIr/C.  
Potential cycling from 0.05 to 1.2 V over 100 cycles revealed significant ECSA loss of 44 and 
58 % for PdIr/TiO2-C and PdIr/WO3-C, in comparison to 69 % loss observed for PdIr/C. These 
results demonstrate that the metal oxide-based catalysts had relatively higher stability in 
comparison to PdIr/C. XPS analysis done on catalysts after the potential cycling revealed 
increased relative amounts of oxidised surface palladium species in all three catalysts. 
PdIr/TiO2-C and PdIr/WO3-C were observed to have retained higher percentages of metallic 
Pd0 (61 and 45 % respectively) than PdIr/C catalyst (20 %). This suggested that the strong 
metal-metal oxide interaction between metal nanoparticles and TiO2 as well as WO3 resulted in 
a modification of palladium’s electronic properties and increased its resistance to 
electrochemical surface oxidation. PdIr/TiO2-C was found to possess a higher stability than 
PdIr/WO3-C. This was attributed to a slow reduction of WO3 to W2O5 leading to a gradual loss 
of the initially-observed stabilising effect of SMSI on palladium. 
Similar trends in stability data of the catalysts were obtained when catalysts were subjected to 
chronoamperometry and a milder ORR degradation test between 0.87 and 0.4 V. TEM analysis 
done after the mild ORR degradation revealed agglomeration and particle size increase as the 
100 
 
cause of ECSA loss. In comparison to PdIr/C, the extent of agglomeration and particle size 
increase was lower for PdIr/TiO2-C; corroborating the lower loss in ECSA observed for it.   
From these results, the use of metal oxide-carbon composite supports was observed to be 
beneficial to improving palladium’s stability in acid media due to a modification in palladium’s 
interaction with oxygenated species. In comparison, the use of TiO2-C resulted in enhanced 
ORR activity while a decreased ORR activity was observed with WO3-C due to agglomeration 
and poor particle dispersion on the support. This indicates that further research is needed into 
producing PdIr/ WO3-C catalysts with better morphology and higher particle size distribution. 
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Chapter 6. Conclusions and Future Works 
6.1 Conclusions 
In a bid to improve ORR activity, palladium is usually alloyed with first-row transition metals 
[33, 59, 65, 71] which are easily corroded under acidic fuel cell conditions, leading to a loss of 
catalyst stability in PEM fuel cells.  
This research provides a deeper insight into improving the stability of palladium-based catalysts 
for oxygen reduction in acidic PEM fuel cells by the modification of palladium with acid-stable 
metals such as gold and iridium. It also discusses the catalytic effect of the strong metal-support 
interaction between palladium-iridium nanoparticles and titanium oxide as well as tungsten 
oxide. In addition, it provides an understanding of the degradation mechanisms of palladium 
such as particle agglomeration and electrooxidation. 
This study found that modifying palladium with gold or iridium improved its ORR stability in 
the acidic environment. Although this improved stability was associated with a reduction in 
ORR activity for both metals used, the effect was more pronounced for the gold-modified 
palladium catalysts. This was attributed to the lower ORR activity of gold compared to iridium. 
A further enhancement in stability was obtained for palladium-iridium nanoparticles supported 
on carbon-metal oxide hybrid supports (TiO2-C and WO3-C). It was observed that the TiO2-C 
support was able to improve both ORR activity and stability while WO3-C improved ORR 
stability only. This effect was attributed to differences in the catalysts’ particle size and 
morphology; nanoparticles deposited on the TiO2-C support were smaller and more uniformly 
distributed than those deposited on WO3-C. 
The prepared catalysts were characterised with techniques such as XRD, TEM and XPS to study 
catalysts’ morphology, alloying as well as their surface species. The catalysts were synthesised 
using a polyol method with ethylene glycol as a mild reducing agent that yielded small 
nanoparticles of about 5 nm.  
Pd3Au/C and PdAu/C were prepared and their initial cyclic voltammograms revealed a similar 
redox behaviour to Pd/C but with lower electrochemical surface areas of 6.2 and 2.5 m2g-1 
respectively compared with Pd/C (15.6 m2g-1). The lower ECSA values obtained for the 
palladium-gold catalysts was attributed to the presence of gold in the catalysts as gold can 
hinder the reduction of surface-oxides on palladium. The polarisation curves of the palladium-
gold catalysts showed lower onset potentials than the benchmark catalysts of prepared Pd/C, 
commercial Pd/C and commercial Pt/C. The lower ORR activity of palladium-gold catalysts 
was reflected in their exchange current densities which were in the order of 10-14, about 2 times 
lower in order of magnitude than values obtained for Pd/C catalysts around10-12. The stability 
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tests indicated the catalyst with the higher gold to palladium ratio (PdAu/C) was more stable 
than the Pd3Au/C and Pd/C catalysts as it retained 38 % of its initial chronoamperometric 
current over 2 hours while Pd3Au/C and Pd/C retained 31 % and 16 % of theirs respectively. 
The improved ORR stability of the palladium-gold catalysts was attributed to the segregation 
of gold to the catalyst surface during potential cycling to protect palladium from the oxidation.   
PdAu/C, Pd3Au/C, prepared Pd/C and commercial Pd/C exhibited single Tafel slopes around 
60 mV decade-1. The similarity in Tafel behaviour of the palladium-gold catalysts with Pd/C 
catalysts indicated that the modification of palladium with gold did not change its ORR 
mechanism. In comparison to Pd/C, a 5-fold increase in amount of peroxide intermediates 
detected was observed during ORR on the palladium-gold catalysts. This increased peroxide 
yield could render palladium-gold catalysts unsuitable for use in PEMFCs where the four-
electron reduction pathway is preferred. 
The modification of palladium with iridium resulted in relatively low ORR activity of the 
PdIr/C and PdIrAu/C catalysts, with ECSA of 7.6 and 8.2 m2g-1 and specific activities of 0.23 
and 0.29 mAcm-2 respectively (at 0.67 V). However, PdIr/C and PdIrAu/C had higher ORR 
activities than the palladium-gold catalysts. In contrast to Pd/C, Tafel analyses showed that 
PdIr/C and PdIrAu/C exhibited two slopes around 90 and 120 mVdecade-1. The exchange 
current densities for PdIr/C and PdIrAu/C were in the order of 10-13; about one order of 
magnitude lower than values obtained for Pd/C catalysts (10-12). The peroxide yield for the 
PdIr/C (2.6 %) and PdIrAu/C (3.5 %) were comparable to the 2.1 % yield obtained for the 
commercial Pt/C as expected, since ORR on iridium usually proceeds via the direct four-
electron reduction pathway.   
In comparison to prepared Pd/C (78 % ECSA loss) and commercial Pd/C (91 % ECSA loss), 
PdIr/C and PdIrAu/C also exhibited enhanced stability with 69 % and 62 % ECSA loss 
respectively during an oxidative potential cycling stability test. XPS analyses performed on the 
catalysts after this potential cycling test showed that PdIr/C and PdIrAu/C retained 20 % and 
28 % ratio of metallic Pd0 on their surfaces respectively while the commercial Pd/C retained 
only 12 %; indicating that PdIr/C and PdIrAu/C were more stable and became less oxidised 
during the potential cycling as they were able to retain a higher ratio of metallic Pd0 on their 
surfaces after the stability test. During a ‘milder’ ORR degradation study involving potential 
cycling at lower and non-oxidising potentials (0.87 to 0.4V), PdIr/C lost only 44 % of its initial 
ECSA while the commercial Pd/C had lost 72 %. A comparison of the TEM images taken 
before and after the ORR degradation tests revealed that agglomeration and particle size growth 
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had occurred for both catalysts during the experiment. Although the effects were more 
pronounced for Pd/C than PdIr/C; indicating that iridium modification made palladium more 
resistant to agglomeration during ORR. This could make palladium-iridium catalysts 
potentially suitable for ORR catalysis in acidic PEM fuel cells.  
The modification of Vulcan with TiO2 as support material for palladium-iridium nanoparticles 
resulted in enhanced ORR activity of the PdIr/TiO2-C catalyst while a similar modification with 
WO3 resulted in reduced ORR activity for the PdIr/WO3-C catalyst. PdIr/TiO2-C and 
PdIr/WO3-C had ECSA values of 10.8 and 6.1 m
2g-1 and specific activities of 0.52 and 0.19 
mAcm-2 respectively (at 0.67 V). Tafel analyses indicated a similar Tafel behaviour for PdIr/C 
and PdIr/TiO2-C with 2 slopes around 90 and 120 mVdecade
-1 at the low and high current 
density regions respectively while PdIr/WO3-C only had a single Tafel slope around 120 
mVdecade-1. In comparison to PdIr/TiO2-C, this unexpected absence of the lower Tafel slope 
for PdIr/WO3-C suggests that WO3 could inhibit the adsorption of oxygenated species on 
palladium during ORR at the low current density region.  
In comparison to PdIr/C (69 % ECSA loss), stability tests indicated that PdIr/TiO2-C and 
PdIr/WO3-C had enhanced ORR stability with ECSA loss of 44 and 58 % respectively. XPS 
analyses performed on the catalysts after the potential cycling revealed an increase in the 
relative ratio of oxidised palladium species in all three catalysts. PdIr/TiO2-C and PdIr/WO3-C 
retained higher ratios of metallic Pd0 (61 and 45 % respectively) than PdIr/C catalyst (20 %) on 
their surfaces after the potential cycling test. This suggests that the interaction between 
palladium and TiO2 as well as WO3 resulted in a modification of palladium’s electronic 
properties and increased its resistance to electrochemical surface oxidation. The higher stability 
of the PdIr/TiO2-C compared to PdIr/WO3-C was attributed to a slow reduction of WO3 to W2O5 
leading to a gradual loss of the initially-observed stabilising effect of WO3 on palladium. 
In conclusion, this study found that although gold and iridium modification of palladium 
resulted in reduced ORR activity, both modifications enhanced palladium’s ORR stability in 
the acidic environment. It also found that the strong metal-metal oxide interaction between the 
hybrid support (TiO2-C and WO3-C) and palladium-iridium nanoparticles could improve ORR 
stability. An enhanced ORR activity was also observed for the palladium-iridium nanoparticles 
supported on TiO2-C. Therefore, PdIr/TiO2-C was found to be the best catalyst synthesised due 
to its relatively higher ORR activity and stability than PdIr/C.  
Although this research found that alloying of palladium with iridium as well as using a hybrid 
support of Vulcan and TiO2 resulted in enhanced ORR stability, the prepared catalysts’ ORR 
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activity and stability were much lower than platinum’s. Therefore, these catalysts will not be 
suitable for use in PEM fuel cells where high ORR activity and stability is essential.   
6.2 Future Works  
Although palladium and palladium-based catalysts are usually reported to have relatively good 
ORR activities [33, 37, 222], the palladium-based catalysts prepared and studied in this research 
had ORR activities much lower than expected. Therefore, further work is necessary to develop 
ways of maximising their activities without sacrificing stabilities. Although an alloy of 
palladium and iridium supported on a hybrid support of Vulcan and TiO2 was found to the most 
stable catalyst prepared and studied in this work, its stability was inferior to that of the 
benchmark platinum catalyst. This indicates that further research is needed towards improving 
the stability of the palladium-based catalysts. 
In this study, XRD analysis revealed the presence of palladium and gold in unalloyed phases. 
Therefore, the effect of heat treatment would be studied as this can induce alloying and more 
structural changes that can be beneficial to ORR activity and stability. Lee et al. reported 
formation of palladium-gold alloyed phases only when the as-synthesised catalysts were heat-
treated [223].  
In the literature, gold doping has been explored as a means of improving the durability of 
platinum-based catalysts. Gatalo et al. [224] reported enhanced stability as a result of doping 
their PtCu3/C catalyst with less than 1 % gold. They attributed this positive effect to a formation 
gold-platinum skin with improved corrosion resistance against copper dissolution. It would be 
beneficial to study this effect on palladium-based catalysts. Even though the effect of gold 
modification on palladium was studied in this research, the use of much lower amounts of gold 
(less than 1 %) for the doping effect is recommended for future studies. This study found an 
increased peroxide yield during ORR, therefore reducing the amounts of gold used for 
palladium modification via doping could reduce peroxide yield and make the catalysts more 
suitable for PEMFCs. 
Although this study found iridium to improve the stability of palladium, iridium had a 
detrimental effect on ORR activity. Therefore, the effect of morphology on catalyst activity 
would be investigated, as ORR activity has been reported to be dependent on catalyst 
morphology. Xiao et al. reported palladium nanorods with ORR activity comparable to 
platinum; as a result of a ten-fold increase in ORR specific activity for their palladium nanorods 
compared to nanoparticles [225]. The use of palladium nanocubes led to a three-fold increase 
in ORR specific activity compared to spherical nanoparticles for Erikson et al [222]. Yang et 
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al. [170, 171] prepared a series of palladium-iridium nanowires and nanocrystals and reported 
improved activity as well as stability for these catalysts in acidic media. The authors attributed 
these enhancements to the high surface area morphology and the presence of iridium in the 
catalysts. It would be interesting to vary the synthetic conditions and develop palladium alloy 
nanostructures to further the research, as only nanoparticles were investigated in this study. 
Also, a compositional optimisation of palladium to iridium ratios needed for ORR stability 
enhancements without reduction in ORR activity would be studied.  
In this study, a strong metal-metal oxide interaction was found to improve the stability of 
palladium-iridium catalysts supported on carbon-metal oxide hybrids. It would be interesting 
to extend the study to palladium-gold alloys as well as use other transition metal oxides such as 
niobium oxide. Also, the TiO2 on Vulcan used in this study was found to be the anatase phase. 
Therefore, the study can be extended to other phases of TiO2 especially rutile. Dhanasekaran 
[226] reported improved ORR activity and stability of platinum nanoparticles supported on 
rutile TiO2 compared with platinum supported on anatase TiO2. In this study, the palladium-
iridium nanoparticles supported on WO3-C were seen as agglomerates in TEM images. 
Therefore, a new method of synthesis would be investigated to prevent agglomeration; 
particularly the use of a non-oxidising WO3 precursor such as sodium tungstate.  For instance, 
Feng et al. [208] observed differences in activity and stability for a series of Pd/WO3-C catalysts 
for formic acid oxidation based on the precursor and heat treatment used to generate the WO3-
C support.  
Another method of protecting palladium from corrosion without comprising its activity would 
be the deposition of a platinum layer on palladium and palladium-based catalysts which has 
been reported to improve both activity and stability to being comparable to platinum [114, 227]. 
Strain and electronic effects have been reported as the source of improved activity. The 
platinum shell was reported to reduce the dissolution of the palladium core. This protective 
core-shell effect would be investigated and extended to other acid stable metals like gold and 
iridium.  
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